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AUTOMATI C HIGH 'SPESD 'COl-g-UtIMG “ 

A Pi‘ogress Rvoort on the EDVAC 
Part 1 INTRODUCTION AMD SUmRY 
1.0 KISTORICAL COLSENTS 

The BaUistio Research Labcratory of the Aberdeen Provlng Ground Is 
rorced, by the nature of its «erk, to carry out numerical cociputations »hich 
are nctabla both for their volu.* and for the variety and conplexlty cf the 
procedures employed. Of nacessity, the Laboratory has beeosie an inportant 
oomputlng center. To expedlte its »ork, it has sought Improved technlques 
for the use of existing equipment and has fostered the development of ne« 
devioes for "meohanising" and speeding up the processes of numerical compu- 

V. • *r’ w 

tation. 

■ In August, 1942, J. W. aauchly summarised briefly, in memorandum 
form, the advantages to be Bcpected from an electronic high-speed Computer 
such as could reasonably be developed at the time. Capt. Herman K. Goldstir.e, 
of the Ballistlc Research Laboratory, and Col. Paul N., Gillon, of the Office 
of the Chief of Ordnance, became interested in the possibilities of such a 
device for the Laboratory. Hauchly and d. P. Eckert, Jr. then «rote out a 
tentative technical outline of a nachine «hich «ould be capable of nu,merl- 
cally integrating trajectories for firing tables and uhich uould handlo other 
computlng jobs of similar complexity. J. G. . Brainerd then incorporated this 
material Into a report »hlch «as subrnltted to the Ballistic Research Laboratory 
The United States Government then entered into a contract «lth the University 
of Ponnsylvania, to have the Moore School of Electrical Engineering carry out 
research and development on electronic calculating devlces for the Ballistic 
Research Laboratory. The proJect «as set ip under the administrative super- 
■ -i-lsion of br. Brainerd Kith Mr. Eckert as dhief engineer and Dr. Mauchly as 
prii^^^consultant; Captaln Goldstlnc uas appolnled to take technical 
cogn.izat^ce of the pi’oject for the Li3.boratory. • 

^ ^ r\ M ^ Žil 








• n ff at thc-iloorc. School liavo, smco 

Ur.dcr this concract, a at . 

- -vr, 4 -v,« and construction of clcc- 

July 1» 19d3, v/orkcd coritinuousiy on tho d 

, v„rMn- a-vi~»s A first maohino, th^ SUotronic Itaoricul 
tronic compu>^ins a a j.a 

intasrator and Computer (E'.:iAO) h.-.a .con d=ai,n=d and aenstraotod. and niir ■ 

aoon .0 put into oparatlon. It »as nocossany. in ordar to co^plctc a 

task of this magnitudo in Uttlo noro than tao yoars, to fix tho dosagn at 

^ aarlv dato ai>d to conoontrato thoroaftor on produotion and testing. 

Durlns this lattor poriod of »ork en tho ffllAO. it bocan.o moro 

and moro cvldont that oloso sorutiny should ho gittn to tho m.y ii. '-hach 

tho high spood of oUotronio dovlcos oould ho utillsod irf conputinsToaohinos. 

It hccamo apparont that sorlul oporation v,os in Eonoral advontagcous. and 

that vdion serial »ethods »ero used »horov^r posslhlo tho oquipmont »as usod 

•a i'n J^nuiirv 194'i. "nagnctic calcalating mo-chin^j 

most efficiently. Hcncc. m January, . b . 

i4U44-<- riV* r. nurabor \7oro transniittod 
was discloscd, ,whcroin tho succcssivo di^its of a nun 

. in timed soqucncc fron nagnotic etorage or mcr<iory dcviccs tnrough oloc- 
tronic s»ltohos to a central eleotronlo oomputins-clroult and slmilr.rly ^ 
returnsd to magnotic storage. An importc.nt foaturo of this dovio. »as that 
oporating Instructions end functlon tahloo »ould ho storod in oxa=tly tho 
samo sort of momory dorioo 0 ^ that used for n-omhors. Tho olootronic s»itch- 
ing moons for such a machino »ere aIroady dlsclosod tho KloiO funotion 

tablcs usc one form of suoh a 5witch. 

Tho invontion of tho aooustlo doUy lino momory dovioo hy Eokort 

and Kuuohly earlu in 1944 prouldod a way of ohtalning largo hign-spood 
storago oapaolty »Ith comparatiuoly Uttlo oo.uipmont. -in automatlc eleo- 
tronio caloulatins maohino vms then planned, us ing ti-.o dolay lino douloo 
for tho •intornal" memory. ond using tho somevAat loio; spood magnotlo 
dovices only for input rjid output mcchanlsus-. 






rt v.-as cloar that this nev/ ir.rvChj.nG y,'ould, v/ith rnuch less equip- 
mcnt, eQoily hancllo proble::is bcyond tha intcnded scopo of thc EillAC, 
Thoroforo, by July, 1944 it vms agreed that \ihcn. v/ork on tho ENIAC permitted, 
the dovolopmcnt and ccnstruction of such a machinc should bo undcrtakon, 

This r^achinc ko.s como to bs kncr/m os the EDVAO (Electronic Discrctc Vj\riablo 
Coraputor), 

Although prcssuro of '»vork on tho ElIIAC has, inado it impossiblc to 
conduct ranch experiracnt-.l vrork on the EDVAt, ali of tho cssential compononts 
to bc used in tho EDVAG- aro knoivn to vork. In dosigning a spocific machino» 
hov/evor, a grčat nunibcr of dccisions aiust bo nado — decisions as to quan— 
tity and proporticn of various parts, and dccisions as to v/hich of sovoral 
possiblo nethods chall bc eraployod. Dur ing thc past yc-ar, many question5 
of* this sort havo boch ebnsiderod in a sories- of discussions hold jusf for 
this purposc. 

Dur ing tho latter part of 1944, and continuing to tho prosčnt 
tino. Dr, John von Neumann, consultant.to tho Ballistic Research Laboratory, 
has fortvuiatcly been availablo for consultation. Ho has contributod to 
n;any discussions on tho logical Controls of tho EDVAC, has proposod certain 
instruction eodes, and has tested thcsc proposod systen'.s by ivriting cut tho 

t 

codod instructions for specific problcms. Dr. vpn Neumann has also v/ritten 
a proliminary report'^ in v/hich most of thc rosults of carlicr discussions 
are summarized. In his roport, tho phys-ical structures and dcviccs proposod 
by Eckert and Mauchly aro rcplacod by idoalizod elemente to avoid raising 
engincoring problcms v/hich might distract attention from thc logical 
considorutions undor discussion« 



'First Draft of a Roport on tho EDVAC; Juno 30, 1945 









It'must be oinphriSiznd tha.t Tinc.1 docisions on inany quostion 3 cau- 
not yot bo- i:nc’..do. In monv cuscs, closcr study of altornotivc Circuit doc igns 
of furthcr oxporimontal datu \Yill bo ncccsacLry 'ocforo intclligcnt choicca 
caii tc ir.cidc. The discusaionc thnt hnvc bocn hold hr.vo scrvcd on ocsentidl 
purpcso by formilating tho important qucstions and indicating v/hnt oxpcri- 
mentn.l/lato. is portinont to thoir ansvrors. 

1.1 CONTRAST OF THE EDVAC WITH THE ENIAC 

Tho EDVAC !ind tho ENL4G havo vcry littlc in comnon, Although they. 
aro both elcctrcnic digltal computing raachincs, tho roscr.iblanco c-nds thorc. 

A fcv/ aalicnt contrasts v/ill oaphasize this. ‘ In many rcspccts tho ENMC 
. is an oloctrical analoguo of mochanical computing nachinos: it has docadc 
ccuntcrs instcad of docado gcar v/hocls, and ali the dc-cimal digits of a 
givcn nunbor aro uddod simultanoously as in any mschonical adding machino, 
llultiplo channols and rr.ultiplo couipn-cnt aro ncccssary to do this. In 
tho EDV/iC, tho varicuG digits spocifying a numbcr •.vili bo transmittod 
oorially through a singlo channol. Svritching oquipn’.cnt is conscquently 
sinplified and ro-duccd, Korcovor, tho storage cr nicnicry clomonts to be 
usod in tho EDVAC are cntiroly difforcnt fro.u thoso usod in tho ENIAC,. 

A typical unit, invclving about 10 vacuum tubos, can bo mado tc hold many 
digit soqucnccs in definitc tirno rclationship. 

In fact, tho EDVAC v/ill have aii internal high-spocd nioinory capa- 
city for about 2,000 tcn-digit dccimal numbcrs, v/hilo thc ENIaC accomodat.es 
only 20, Nv-vcrtholoss, thc EDVAC is expccted to rcquiro only onc-tonth as 
•‘>.ich cquipmont as thc ENIAC. As a conscqucnco, tho solution of v/ido clnssos 
uf non-linoar partial difforontial cqui'.tions v/ill b.; o.‘.sily managod in tho 
-iw., v/iloreas such problcKS can bc cc.rriod out on tho ENIAC only ‘.'/itli tho 
uld uf - rnuch c3o'./or oxtcrnal nomerv capacity in tla form of punchcd carclc. 


Another iTnportairii contrast bot.vean the ET-IIaC onU the ED^/aC is 

■fchis • To change over frora ono ■type of problem to another, the ENIAC must 

bo preparod by setting niamerous svfitches and plugging in raany interconnect- ■ 

ing cabics, \vhile the EDVAC will bo set up automatically and elcctronically 

for each no\r problem, Indeod, the EDVAC vrill store its operating iiistruc- 

tions in exactly tho same manner aš it Stores numbors, The total storage 

capacity v/ill. bo at the disposal of the operator to allocato as he v/ishos— 

part to operating instructions, part to tablcs of functions, and part to 

tho numbors '.vhich enter into and come out df .the vorious calculations, 

The input and output dcvices for tho t\fo nachines aro also diffor- 

ont, Tho ENIAC roads from IBM cards, and rosults are punchcd into IBM 

cards. It is cxpoctod that tho EDVaC will road from a steci wire or tapo 

on which tho rcquircd Information has been rccordcd by magnctic moanc, and 

that the output data •'/irill bc magnetically rccordcd on steol v/irc. Typo- 

v/riters for preparing such wiro’and for printing from wiro rccords \Yill bo 

more casilv and „ , 

provided, Rccords on steol vfirc aro Icss bulky and^automatically handlcd 
than stacks of Separato cards, Also, highor reading and rc-cording spoeds 
aro attainablo v/ith steci vfiro than v/ith cards or v/ith paper tapo, 

Sorting problcms, for v;hich cards havc alvniys beon considerod desirablo, 
aro also dono cxpcditiously us ing wirc, ' , 

Tho EDVAC v;ill bo, then, a raathcmatical tool of much grcator 
povror and scopo than tho ENIAC, At the some time it will bc physically 
smallcr and oasicr to servico, 

Finally, much attention has bocn givon to tho quGstion of "eoding 
tho problem" so as to s‘’implify the v;ork of the inathcmatlcian who must 
"instruct" tho machinc as to v;hat ho v/ants donč in sjrabols v:hich the machino 
'understande". On this topič and many others tho projcct staff at tho Looro 
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Sciiool has bc.iofltcd srkati!- ff"« oonfordnoos’wlth and vrork done by Dr. John 
,on noum.-.nn, aatinc r,a oonsultant to the Balllstlc Rosoaroh Laboratory. . 

In Table 1 are seme oomparative ligures tor the BHAC and the 
BDVAC. The fignres for the EDVAC are estimted on the basis ol the tenta- 
tive plans outlined in Part 7 oT this report. 

l.s SUiiaRT OF RZPOST ■ - 

The earller seotions of this report aro giten oTor to a general 

dlsoussion of ooaplex oompating nachinos , with OBphasls on the •.my in nhlch 
,suoh naohines en.ploy memory devices. serlal scanning procedures. and pro¬ 
gram,aing methods. Thi- --r— tho.t a maehi ne of thoj ^s.sam 
,„n.r.-.litv. c .naa,-t.r, a nd aoouraov oan b e ted_g.lt hpnt eaoessire and 

.-..annable er.omts o f e,nl33i.J: If -rann-n.’ i.s omnlovod so that_one 
ec eaalnment o.a- It -- nat bor than havinr nanv slmllar 

. ---dnnnnt.e .orkl.d- SimiItanoous lv, (h) tho,.S5^.1.ps^Xthis_eor^^ 
ia rereinod b v —^.-■.-trnnie olomonts, and (c) acouracv Is Insu r^b^ 
-tbod. for i n st rneo. bv the uso o f_vacuuEUn bps as on-of f 

dcviecs. rat.hcr thsn r.ontinuous variablc doyj X^. 

Although serial uso allov/s coiaputing and s’.vitching oquipmcnt to bo 
roducod to a the larg? storagc capacity -.vhich is ossential for 

nur.iorical data. oporating instructions and function tablcs v.-oild involvo 
prohibitivo oinounts of olcctronic oquipmont if docado rings . binary counters, 
or other proviously kiwn nothods ’v_ro cm?loycd. A no^v and ..incxpcnsivo 
nicnory dovico, tho dolay line register, coneoived by J. P. Eckort and J. v/. 
Mauchly in 1943, makes it possiblc to roalizo v/ith a sn^all amount of cquip- 
. >acnt the ,nomory capacity neoded for tho EDVAC. - The cssontial fcaturos and 
operation of this devico are cxplainod in Part 3. 


, ri 







Coinp3.ra.tiv9 figurss for the r/^IAo' and tjie EDVAC 


NOTE; As explained in the text, the work of arranging or coding 
probleins for solution by the EDVaC viill be siapler than for the 
ENIAC, and the physical set-up of the EDVAC will be automatic, 
vhile there are 5000 manual svvitchos and hundreds of cords to 
be plugged in :nanually in order to set up the ENIAC. 


ENIAC EDVAC 


ME?.10RY CAPACITY (each unit is one 
nine or ten digit decimal number, 
or one progrsjn instruction) 


Auxiliary inea;ory 

Unlimited, 
on IBM cards 

Unlimited, 
on magnetic 
wire or tape 

Internal high speed memory 

20 

Over 2000 

Manually set up programs 
and function tables 

: v. 725 

0 

SPEED OF OPERhTION in millisecohds 
.(9 or 10 digit decimal numbers) 


v . ■ ' ' ' • 

Addition 

0.2- 

0.06 

Multiplication 

2.6 

1.0 

Input from auxi.liary nera.ory 

35 

3 to 6 

Output to auxi].iary raemory 

• ■ 70 

3 to 6 

EOUIPI.ffiNT 



Vacuiun tubes 

■ 18,000 

1,925 

Manual svdtches 

5,000 

Possibly a fevj 

Digit and program channels 

200 

2 

: Power supplies 

28 

3 .. 

SPACE REOUIREIIENTS (Sq. ft.) 



Floor area actually occupied 
by machine 

. 250 

■25 • 

Minimum arca of room to 

allow access to machine ,. 

. -,1500 

125 


125 





Thg hi. 3 h co.T.putinG spocd of the EDVAC rould bo larEcly vmstcd if 
conventional input output dcviccs v;cre Obod. A-no^ .mcthod, us ing mag¬ 

net ic vare or tapc, has thorcforc bcen cxamincd and fcund to mcct EDVaC 
roquircracnts. Input and output dovicoa of this tjT^c are doscriood m 
Part 4. A discussion of sort ing and collating is includcd to s hov/ that 
magnotic v/iro devicos are bettor for this purposc than exicting card 
machines. Typo^vritcrs for preparing magnotic records and for printing froi 


magnotic rccords aro also discussod. 

Part 5 contains a brief deseription of ali of the principal com- 
pononts v/hich will bc'uscd in tho EDVAC. Those are tho memory luiits, tho 
Computer and tho controllor. cloctronic sv/itches, the magnetic input and 
output devicos. an oscilloscope unit for visual output, tho pov/cr supplies 


and auxiliary devicos such as typcv/r..tors, _ i 

’ Some dosidirata for coding are presented in Part 6, v/hich also 

contains an instruction cede suggestod by von Neumann and a proposed numeri. 


cal cede. • • , ' 

Plans for the EDVAC are presented in more detail in Part 7. 

These Plans are tentative. and will be modified as the design is advanced. 
Por the purpose of this report. it vrns decided to present plans based on 
use of a coded decimal number represontation, although a binary system may 
ultimately be used. Tho Computer clements are tiieroforo somev/hat more com- 
plicated than they v/ould be for a binary machino. T;vo different plans for 
B\vitching connections ' and'corresponding pulso codes for orders are given 
to illustrate ways of organizing tho components of the EDVAC. 

In part 8 the roliability of cloctronic components and the 
mothods v;hich chould bo used for dotecting failuren In the EDVaC aro givon 
coroful consideration. Until.olcctronic digital computors 'are in usc. and 








pcrtincnt failurc statistics bcconc availablc , it is difficult to kno’,7 
hov,' elaborate chccking methods rnust bo, ‘It is therofore propoocd that 
thc EDVAC havo a rathor coiaploto chocking systora v;hich vdll guarantec tho 
doteotion of alraost ali failures. Thir. systcn chccks ali standard opora- 
tions autoir.atically, ivithout instructions frorr. tke operator, Sinco tho 
operator niay always instruct tho machino to pcri^orni furthor matkcmutical 
chccks, full confidoncc in tho accuracy of EDVAC Solutions is assurod. 

In conclusion, it is intendod, as stated in Part 9, that addi- 
tional roports vrill bo issued to supplement this one, and that some of 
theso roports will givc cxcjnplcs of how spccific problcms ^ould be handled 
by various proposod instruction eodes. 
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PART 2. u 


uSMTRAL DISCU3i:i0iI OF CO;.PISX COriPUTIilG LAvCHINES 


2,0 PURPCSE OF TIII3 P.uRT 

In the follov/ing aections uiider this part, a general di-cuSv,ion 
C.f mri0U3 CCBPI« con-.putins B=.chln<=. v,illAa uaad to enphasize the »ey in 
..hich tuoh Baohlnas aniploy mamory daricas, aarial scanning procaduraa. and 
,,ropa«ingnothoda. Thla apprcach Indlcatas that a maahina af tha nacaaaary 
,-anarallty, capacity and aceuracy can ha raalUad »ithout a.-coaaalva a^nlj- 
mont if (a) ■soannins' Is aBplcyad so that ona piaca of a,oipnant can ha 
asad nany tlnas rathor than havlng nan.y canpcnants »orhins staultanaoasly. ^ 
(h) tho spcod lost hy this sarial procass is rosainod by employins olootron 
ic alcmonts. and (c) accuracy is insurod hy digital Bcthcds. as for instanca 
hy tha uso of vacu« tuhas as on-off dovioas rathor than as continuous 
variahla davicos. Tha EDV.aO is to hava tho fcm whlch this general disous- 

■ Sion indicatos as dcsiratle. ■ 

2.1 COaPUTIHG !JACIiH“ES AS TOOLS ■ * 

Por many hranohos of Science and angineoring. nathomaties is a 

hasic teol. A grčat deal of pro^oss has hean nadc in doteleping this teol 

in a farmal »ay. in-chimedas and Oalileo speha in torms of simpla propor- 

tienalitias, today Bany ralationships ar, crpressad in tarms of integral 

und partial differential oquutions. 

Por enginooring dosign, hovvovor, nuaoiical tosults aro noedod. 

Also, tho sciohtist cannot test hic thoorias unlcss ho can mako nunarl cal. 
prodiotians to cceparo »ith crporteant. IIov, ara nuuorical rasnlts to ho 
obtuined from the 'bucic mathcmatical thoory7 
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Thcr.' 


no 


r-crnlaivitv :ls to thc raotinins 6f tho lar.themtio-a 


cynibols, and in ir.ost casoo, c., numoric,':.! procedure for dovcloping thc rcquirod 
solution to a good approxiniation is knovm. But thc con;putation by thcsc 
dircct stcp-by-stcp methods bccomcs cotr.plcx and voluininous oven for rcla- 
tivoly simplc ordinary difforcntial c^uations, Although ordinary desk 
coraputing niachincs are tools of groat valuc. and usofulness, more complicated 
tools, such as tho difforcntial analy 2 cr and tho notv/ork analyzer, must bo 
brought to boar upon thoco probloms, Although thcsc dcvicos groatly oxtcnd 
tho fiold in v/hich numorical Solutions may bo achicved, thoro cxiEt today 
many important cnginocring and scicntific problcrcs which fall outsido tho _ 
scopc of thcsc machines, 

The cquations approprlcito to such problema aro kno\vn, and can 
oasily bo writt®n out. Sometimos a formal solution can bo cxhibitod, but 
caleualtion of numorical rcsults from this forraal solution (for oxamplo, 
a definite integral) rcniains cxccodingly difficult and tedious. In many 
casos, thc thcory involvos a non-lincar partial difforcntial oquation or 
an integral cquation v/hich docs not fall into one of tho vroll—knovm typcs, 
and oven a formul solution in torms of knovm functions cannot be obtainod. 

In this ovont, ali sorts of renodies aro tried. Special casos are sought, .. 
awkv/ard terms aro droppod out, and dubious approximations aro resortod to, 
in an cffort to ronder tlic cquations tractablc. A grčat dcal of offort is 
Spent in oxpanding Solutions in torms of knovm analytic functions, Ratur— 

nlly, Solutions obtainod in this v:ay may bo oxccodingly rostrieted, or of 

. / 

doubtful applicability. Evon though a forraal solution is cbtained, thoro 
»•cr.iPvins tho problem of numorical cvaluation vmich can bp, cxcccdingly 
difficult for 3lowly convergent series. 






f fa , f s " ■W *■ 'J. “tVi ‘■'J s;- 






It may be questioncd \Yhether, in such circumctances , tho game is 
v/orth the candle, Can’t the desircd ans’.vors bo secured in sorr.o other v/ay? 

For engineering purposcs, a model experimcnt may sometdmas furnish tho 
nocessary data, But no modol oxperimcnt can servc to test tho adcquacy of 
a soientific thoory, The solo qucstion at issuo -is thcn v/hcthcr numcrical 
prcdictions from the thoorctical rclationships agrco with cxporimcnt. And 
until tho theory can bo tcsted by this comparison, furthcr advance in tho 
thoory is slovircd if not haltod, A calculatinp" machino capable of handling 
nrobloms bovond tho scono of existinE machincs is thercforo a sciontifi c 
tool of first imnortanco . . . 

In engincoring, vvhcthor tho object to be dcsigncd is a singlo - 

suspcnsion bridgo or a small projcctilo to bo manufactured in large quanti- 
tics, thoro is amplo just.ification for intonse design offort. Por manv 
cascs, tho general mathematical thcory .\Yhich governs tho design is wel.l 

knovm, but this thoory is actually used only as a qualitdtivo guidc bocausc 

• • - 

of computing difficultios. A computing machino v/hich could overcerae tlicsc 
difficultios v.'ould be a most important tool, Evon if the mathematical design 
v/oro.no cheaper, it vrould bo dosirablc if it wer© quickor, Timclinoss has 
both an oconomic and a stratogic valuc, 

2.2 MODEL EXPERIMEiITS 

From tho point of viovr of this roport, an engineor who makes 
nioasurements on a small scalo modol of tho devico which ho intends to build, 
is us ing the jnodel as a calculating device, This calculating devico is 
cxcoodingly spocializcd, If ho v/ishes to investigato tho offort of chang- 
ing sorao design parameter, moro ofton than not ho '.vili havo to have a 
serios of modele built, and a grčat many mcausroments v/ill havo to bo mado. 






medel r.ay 1:0 c>:mon.-:I tc ,■ tho r.casuroments -na:/ "bc diff.icult, or requiro 
.n cxpousivo auxilic.ry such as a v;ind tunnol, and he may also havc additional 
probloms concornad v/ith tlic offoets v/hich tho raoasuring instrumonts them-. 
solves introduco into tho cxporimont. But ali theso thin;;:s ho will put up 

\vith if no other nethod is availablo for providing tho quantitativo data ho 

# 

noeds more quicl:ly or more-choaply. 


2.3 ANALOGI DEVICES AMD NETV/ORK aKaLIZBRS _ 

Quantitativo Solutions to spccific probloms n’ay be obtainod by 

resort to ali sorts of anQlogy dcviccs. For instanco, a problem concerning 

/ ' ■ 

ciectric fiolds aay bo solvod by an cloctroljd;ic tank in which a prooo is 
usod to follovr tho stroamlinos of tho clootric curront. Ofton olcctrical 
notv/brk analogies aro usod for tho solution of. probloms arising in mechani- 

cal systoms, * 

Soraotimes olcctrical nctv;orks having disorotc moshes are employod 


for tho solution by analogy of probloms conccrncd 'vith continuous racdia, 

A resi 3 tancc-.capacity netv/ork is uscful for tho 5tudy of tho flow of hcat 
througli a continuous medium. Even though tho number of meshes in the net- 
vvork is not very large and, as a consequence, the. data obtained from the 
netvrork approximate the desired results only roughly, nevertheless the time 
*‘equired to obtain such Solutions by this method nay be small compared to 
the time required for other available methods of solution. Sometimes the 
netv/orks are made from fixod electrical components and are thus good for 
®nly ono spocific problem. In order to facilitate thsiir application to the 
Solution of a wider range of problems, such -netv/orks :may bo construeted 
^»'om adjustable compononts. Further means for ostabllishing various intor- 
coiuioctions betv/oon difforont olemonts nay be provideol. A devico such as 


t^.is oporated with altorna^in,- curront is somc;t.incs knovm^o.s an a-c calcu- 


latins bcard. 


It is customary in us ing such a notvork to apply voltages or 
to t!-.o tornlnals of tho noteork - »hich hoo proolouoly boon set 


„p to roprosont l>y analoEy a partloular problen _ and thon to road other 
voltasos or oorrcnta In tho noteort »hioh oorroapond to tho doairod roaults. 
soadlnss inay bo takon at a groat nunbor of polnta In tho notvork. but uou- 
ally only ono or tv^o instrunonts are usod in doing this. ror instanco, 
sano »oltnotor may bo movod fror. point to point. It is. tnon, propor to say 
that tho various points in tho noteork aro scannod to obtain a sucocssion 


of nuniorical rcsults. 

It will bo'notod.that thc notwork analy 2 cr is something liko a 
complox nodol. the pariunotors of which can casily varied and on'v/hich many 
ncasursir-onts can rcadily bc nado. Hovrevor, tho oloments of such a netv/ork 
aro usually linoar elemonts, and tho netv/ork is thcrcforc bost adapted to 
Iho solution of problens which can bc cxpresscd in torns of linoar c^uations. 
If non-linoar oquations are to bc solved, it is usuany ncceG5ary to intro-. 
duco non-linoar eloments into tho netv/ork. Although niany non-linoar 

Circuit oloraonts are knovn, it is not casy - and in spccific casos it 

aay provc impossiblo _ to find eloments which approxiinato accuratcly 

cnough tho dosired non-linoar charaetoristies to satiBfy tho problom. 
Unfortunatoly, then, thos o nrpblo jss.fjLr,J2h^ r>>nnnt1nr devico is, m ost 
noodod are also tho onos which are tho most diffioult to set up on a netKork 


an,\ly2or. 


o 4 TKn: DIFFi::RE:iTLiL .'vJALTZEH 

The differential analyzGr is an analogv dovice capablo of handling 
a largo varioty of non-linoor difforcntial cquations. ‘Sach integrator is 
a non-lincar olemont, and hy suitablo intcrconnoction of two or.niorc. 
intogrators, many non-lincar rolationships can bo cocured. Differontial 
analyzors aro also providod with "function tablos«. such as ourvo follov.crs. 
capablo of fcoding in arbitrary functions, so that ali non-linoar cffocts 
nced not bo goneratod by tho integrators. The difforcntial analyzer can 
thoreforo bo used to solvo probloms of a sort which cannot Gasily bc solved 
on tho notv/ork a)ialyzcr. Tho conv6rso is also truc/sincc to dato it has not 
been practical to build difforcntial analyzor5 having moro than 10 or 20 
intcgratcrs. and sovoral function tablcs. 7/hilo a notwork analyzor can havo 
a groat many noro olcmonts. Tho differontiar analyzcr is not suitablo, 
thoroforc. for tho solution of a largo nunber-of sinultancous linoar cquo- 
tions, vfhilo the notv/ork analyzor can be usod for this purposo. 

Sovoral other contrasts botvreon thcsc tvfo dovicos should bo men- 
.tionod,. As ordinariiy used, tho difforcntial analyzor iš a continuous 
variablo machino, vAoroas the notwork ruialyzor providos data only at dis- 

f 

croto points. Purtherinoro, tho netv/ork analyzor (for. a "stoady ctato« sot- 
up) providos ali of the ansvrors at onco, oven though thosc aro custonarily 
road off in scquonce by scanning the netv/ork aS cxplainod abovc. The dif- 
forential analyzcr, on tho other hand, has a «froo paramotor« ’.vhich govorns 
tho dcvclopnent of the solution. This independont variablo. oftor callod 
tho «tino variablc", Controls tho progross of tho solution. as this vari- 
’ i^blc is ineroasod. seloctod depondont variablos aro d-zvcloped by tho machino 
-nd are plotted or printod. The dosired rcsults aro ithus takon out of the 
•'achinc Gcrially by a continuous scanning procoss. 





tho notv,ork analyjor, only tta iiotc-r Is osvoci trar, point to point c.nd 
crdor of soonnins is im:.tori-sl. In tho difforontinl cni.-.lysor, tho 
,„acpondont vr.riol.lo -progrons- tho soon.sins procoss in o sorlcl fashion. 

Ij IS usual to thlnk of tho problem dota bolng Tod tiirough« tho intogrators 
.„d othor olcnonts of tho rjialyior, but „o ntteht o 4 uaUy foll say that tho 
jimltod nuabor of nonslinoar dovioos at our disposal aro boing movod through 
tho probloD spaoo. In any oaso. It appoars th.ot in ordor to utiliio a 
United nanbor of spooial dovioos at a groat nunbor of polnts (in this 
instanco, a oontlnuuia of points ) a sorlal soanning procoss having ono 
dogreo of froodom hc.s bcen used. 

In tlio nctvvork analy 2 cr, tho problem dota are ali fed in or set up_ 
prior to tho scanning procoss. Information concerning tho problem is 
.storod", so to spoak, in memories consisting of svdtchcs and se forth 
which aro not alterod during the scanning procoss. In thc differential 
anrJyzor, Information pettinent to any stago of tho calculation is ..tored 
*in tho form of angular shaft positions. Tho shafts aro ih fact momory 
clomcnts, rnd thc information storod in those momory clomonts is continu- 

ously alterod as thc problem is scannod, 

■ Tho differential analyzcr may bo used, of coursc, to ..olvo a sot 
of simultancous ordinary differential o^uations, ali having the samo inde- 
pondent variablo, in such a mannor as to approximato tho solution of a 
pr.rtial differential ociuation. In this casc, -cho solution is obtaincd 
tho form of a nusiber of "simultancous" diseroto curves. In ono vari-blo , 
tho rcsults aro continuous, as boforc. but in tho othor, thoy aro diseroto, 
as with tho usual notvvork analyzcr, S inčo sopar ate iritogrators must bo 
usod for each coiitinuous integrution path. it is not possiblcs to intogr..tc 
along vory many paths siuultanocusly bccausc of tho cmall nur.ibcr of inte- 



, tors availc^U. :-u ..o oi' 

2.5 AR^rU liENT FOR SERL-. L ^RATJ^ 

It is cvidciit th.it problc;:is hr.ving thc ccr;;plcxity assooititcd v/ith 

„^tt.Uncar p:.rtlc.l diffcrontiil oqiK.tions caar.ot bo sclTcd by oithor tho 
„ot«ork c^olyzcr or tho dlfforootiU .-orolytor in thoir proocnt form. 
Thoorctioally, o mofal dovioo wuld soon. to nood r,n onornooo nunbor of 
coopononts, or.oh c-.pr.blo of bo ing givon oxccodin5ly cjbitrr,ry but -Jfoll do- 
finod non-lincr.r ch;'.r=.ctcristics. Thcro is, hoivcvor, s. vcry nuv.n -lorc 
ro:bon.-.blo r.ltora.-.tivo. Supposo thr.t only ono sucli highly floriblo ond ^ 
vcrcutilo non-llnoor olonont bo provldcd. bot thot thlc olcnont bo usod 
sucoossivoly r.t ooch of tho vorlpus .pointo" In o notoork onolptor. It 
v;ould thcn bo noc==cr.ry, of oonrco, to hr.-.-o o.nor..ory of srr.o sort at or.oh 
notaork point, so thot onoc tho non-linoor olomnt hcd ostoblishod tho 
•profor rolotionship ox' vr.rlr.blos at thr.t point, this rolctionship would bo 
molntr-inod oftor tho r.on-llnorb oloiaont rroro tronsforrod to .xothor point. 

3y tkls sorir.1 usc of o slnglo non-Unocr do.-loo ovor rxd ovor asr.ln, tho 
s;.no rosnlts aro ultimtoly r.ohlovod aithout tho nocd for .-. Irbgo nniibcr of 
suoh non-linor.r olononts. Iho oonstrnotion of ono (or posslblp tao) quito 
o.:r.plox olononts having tho rociairod flor.ibility, sonorality. and acoarr.cy 
olll bo shorm to bo prr.ctior.1, ahoroas thc cost, bulk and nrjaton.bco -f 

lc.rgc munbors of such clt.ncnts i70uld bc prchibitivo, 

Tho nctaork to bo soninicd by such .-. non-lincar olonont is nov, a 
notnork of ncnorp olononts. Thcro is no nood fcr tho ol.ctrlor.l notvrork in 
ih,-. r-ri.vi.T-.l fon- of ii-otv,ork .-x;.lycor, Tho lorgo r.;o;abry c.-p..civy ncodod 
-i-;h. a ..v.chi.v. ni.;ht s-oO. to b.c inproctic.vl. but fcrt.>natcly thls 1= not sc. 
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jj^ c. Ic-tor scction it v/ill bo shovm thcit such' r. ncmbrv capocity or.n oasily 
to obtainod with rolativoly sL-nplc cquipiiiont. Indecd, thc simplicity of thc 
noniory systoni roforrcd to wiU bo found to bo inti!natoly associatcd with 

tho fcLct that it, too, is sorial in naturo. 

Tho prinoiple of sorial oporation can bo appliod not only to thc 

program-iing of thc. nachino as a wholo, but also to .tho oporations wnich 
nust occur within tho various parts of tho niaohino. For instance, tho part 
v/hioh has been callod a "gcnoral ncn-linoar olcmcnt" is in fact a conputing 
devico. Within it, coinplcx oporations niay bo broken dovm into sinplor 
conponont oporations, and a considorable rcduction in tho equipnont nccessarj^ 
for this Computer will rosult if’thc various sinple oporations aro porformed 
sorially rather than siRultaneously. As an exajnplc, thc oporation of multi- 
plication can bo broken do\yn into a conbination of adaitions, and if thosc 
additions aro done in sequcncc, tho samo oquip:ient can bo cmploycd rcpcat- 
odly fer addition, avoiding tho duplicato oquipuont which v/ould bo needed 

to carry out raany additions at thc sanio tino. 

Tho rosult of such thoroughness in applying thc sorial prLnciplc 
to tho reduction of oquipncnt is groatly to longthcn tho tino roquirod to 
solvo any problem. Tharo is, hovovor, "an imne-diato ro;nody for this, to bo. 
discussod in the noxt soction. 

2.6 ELECTROMIC DEVICES kEEDED FOR SPEED • . 

: To roducc materially tho araount of cquipmcnt rcquirod for the 
solution of ccmplox problems, it has bocn scen that a singlo quitc vcr>^—tilo 
nnn-lincar cloncnt, which wo may designato as a Computer, nust bo usod to 
scen sorially a large numbor of incmury cloncnts. To obtain Solutions Dy 
this jaothod in any roasonablc tino, it is obvious thait most cf tho apparatus 
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,.„st oporato at vory high tpotds. Tho tit,o spcut nt any ono "nctuork polnf 
„.jst bo smoli, ond tho tirno ro^nirod to tromsfor from ono notaork pclnt to 

anothcr must likowise bo cncill, 

This dictr-tos t hj;±.^ho_do yicc cnol ov^rl nust bo clccbroniot. 

' Ordinciry vacuuin tubcs can gcnoratc and control Bignalo v/hich 
chango rapidly v/ithin loss' than ono nicrosccond. Vacuun tubo circuits ..rhich 
v;ill function to nakc or broak a Circuit vvithin one tonth of a nicrcsecond 
aro alroady v/oll knovm and rcquiro no olabcratc dcsign. On tho other hand, 
clectrcmagnotic rolays nust bc spccially designed if tbcy are to oporato 
roliably in 10,000 nicrcseconds and no rclay is at present kncr.-m ';irhich will__ 
bc bettor than this by noro than a snall faetor. Cc.nBcqucntly ene may cay 
that tho vacuun tubo is cnyv;horo from 10,000 to 100,000 tines fastor thv.n 

its clectrenvchanical eubstitute, , . . , 

If vacuun tubos aro usod, it is obvious that’othor clcncnts of 

*tho dovico should bo capablo of responding to, and of producing, oloctiic^l 
signals although thcy nay not bo entircly oloctrical in thoir operation. 

Tho nenory elonont v/hich socns nost suitablc, and which v/ill bo deseribed 
later, invelves an acoustic daay line v/hich has oloctrical input and cut- 
put circuits. 'It is conscquontly dcsirabic that tho initial data of a 
problem sh-uld bc fed into tho nachinc elcctrically and that tho rcsults 
. should bc taken out of tho nachino by a device v/hich operates clcctrically. 

2.7 PRo:-R;a: iMPORi::kiTion a:jd other ihputs 

2.7,0 Classification of Input Information 

Three catcgorles of inforuation nust souolvr.v bo supolicd in order 
to opocify tho problcn \vhich tho nachinc has to solve. First of au.1, thero 
nu3t ,bo a cot of nunbors on v/hich calculations are to bc r.iado, Si„condly, 
tho nachino nuet bo providod in sonc v/ay v/ith dirčctions as to \,hw*t to 


„,ith thcGc nunODcrn. This :nc;y bo cc^llcd tho Infon^^tic^. Fimlly, 

.....'/■Droblons involvo tho uoc of porticulor nothcr.oticcil functions v^hich 

... »‘V 

cun bo Gpccifiod by a sot of to-bulo.r volucs tc bc callcd a functi^.tablo. 

-ho machino muot bc ablc to rcfer quickly tc such a table and abstract frcn 
it tho valuc of tho function for any argunont (v/ithin a specifiod range) ^ 

^vhich inay eceur in thc courso of calculation. It is of no valuo to achicvo 
epoed in tho carnputing pro<JCS3cs unlcss thc thrcc kindc of infornation v/hich 
6pocify tho problcn con bc inparted to thc ’ conputing devico ^vith coniparablc 

rapidity» . . ■ v 

2,7.1 Inputs to Arialo£y Machines 

Lot us censider briofly Ikt.t theso matters aro hrjidlcd in oxisting_ 

conputing nachines. In i-.odcl dcviccs, tho laodol -itsclf contains tho infer- 
nation cencerning tho typc of problcu. The construction of this nodol nay 
roquiro a grčat doal cf tinc and offort. ^In-tho notv^orlc analyzor and Gir.;i- 
lar analosy dcviccs, thc nuncricr.l infornaticn may bo fod in by setting 
‘ docadc S'.Titchos, vrhilo tho specification cf thc operetiens tc bc carricd 
out is inhorent in thc pccrticular conponcnts scloc-ccd and m thc ./ay in 
v.'hich thcsc are intorcennoetod. Arbitrary functienal rclaticnships aro 
Eocured by tho sclcction cf conponents vdiich havo clcctrical charaetoristies 
such as to producc thc dcsircd rclationships as clo3oly as pcssiblo. In 
tho differential rjialyzcr. nunorical infcrr.uxtion concorning initial condi- 
tions must bc rAamially set by rotating certain shafts, and opereting^ , 
instructions are, cssontially containod in tho ncchanical intorconncctions 
which aro established botwoon shafts and various gcars, Arbitr..r/ lUn 

J . . 

aro provided for by input tablcs Y;ith servo syst^r.s for follc-.ving curves 
vrhir.h spccify thc rolaticnship betv/oen a function variablc and <.n ^r^unent 
variablo. The precoss of niochanically changing thc piroblcD v/hich is sot up 
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on c. cliffcrontir.l r.na?.yzcr !nay rccmiro hcurs or cvon dayr3. In crdcr to 
ovcrconc this , a difi^orcntial .nnaly 2 cr has boon constructcd in which thc 
' intcrconncctions are establiched by clcctrical Controls \vhicn are m turn 
governod by a papor tapc. This tapo has holes punchod into it and tho 
positions in which theso holes nppear govern tho .operation of tho nachine. 

This arrangonent acconplishes thc purposc of considorably reducing tho tinc 
roq,uired to set up thc nachinc but obvipusly involves a considorablo aracunt 
of cqui'Drriont» It is undcrstood that other methods of feeding in functional 
rolationships are undor dc^/olopiaent, but that servo ncchanisTiS fv^r iollo\(— 
ing Gurves aro stili considered nost practical, 

2,7.2 Inputs to Aritlmbtic Calculators 

Arithnotic as vroll as analogy laachincs are curr6ntly in ubg for 
tho solution of ccniplcx problens« Tho v/ay in \vhich such machines rcccivc 
numerični, program, and functional infornation is of .particular intorest 
herc, in viov; of thc conclusion (to bc found in Section 2.8 follo’.vihg) that 
an olcctronic calculatcr must bo arithnotic (or digital) in its operatien. 

First of ali, considor a large class knovm as businoss nachines. 

Thcoc nachines store infornation on paper cards by ncans of holes punchod 
in then in various positions, The operation of such uachineš is controllcd 
chiofly by a plugboard or v/iring unit v/ith additional control fro.;i tho 
cards thcnscl^ves in cortain ca.5cs. In thoir conncrcia.1 forns thcsc mu-ohines 

; . - . . •• ... . . 'J y 'J 

aro capablo of carrying out ono detail of a calculation tinc aftor tinc vi.o 
successivo cards pas s threugh thc r.a.chino. >Vhon scveral differont opera— 
tions aro to bo done, each operation v/ill in general- rocuiro a nodif icati cii 
of tho plugboard er v/iring unit. A grčat doal cf thc prograiming f^r a 
cor.'.plox probl-eu is thorcforc dono by thc operator in thc procoss of taking 
^ntehes of punchcd cards fren one nachino to anothor, arranging uhem in 
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propor sociuonoc and in' changin^ tho plugboard. or wirirV.units of tho 
^ariou3 nachincs. Thus although c. grčat dcal cf couputational v;crk inay bo 
handlod in a nochanical fcshion by such machincs , it is obvious thc.t in- 
^ol^d calculations aro, 'in no scnsc of tho v/ord. carricd out autoinatically. 

A calculator has boon constructod .(larsoly frca compononts used 
in standard business nachines) v/hich v/-ill autonatically carrv out long 
nnd involvod caiculations. This calculater obtains its prcgrrsn infornation 
as veli as nuch of its nunorical data frcn a punchod papor tapc. Paper 
tapes are also used in'this nachino for the storago of arbitrary fiuicticns 

v/iiich inay bo noeded in the scluticn of a problcn, 

Large Computers have also beon constructod utilizing cloctronag 

notic rolays both as svritching devices and as mcaory cloments. These 

• . • * ■” ' 
devices too, havo papor tapos for providing nunorical infornation, progran ' 

infernation and function tablcs, 

The nuificrical rosults at the output of such a nachino^ are usually 
storod in a forn sinilar to the input; that is, cither in punchcd cardc or 
in papor tapo,; Either nay bc fod into sonc sort of autonatic typewritor. • 

In tho prosent discussicn, the speod at vdiich pr.intcd rocords can bo pro- 
ducod fron such storago tapos er cards is not important* ^ 

For conputors v/hich utilizo ncchanical olcncnts c.nd rclays as 
thoir essontial conpononts, tho speod at \vhich tapo or cards niay bo rc.-d or 
punchcd is usually adeouatc, at Icast for providing nunorical infornation 
and progranming infornation, Hov/ovor, tho storago of function tablcs on 
papor tapos ofton rcsults in concidorablo loss of tinc bccauso in hunting 
for a particular valuo a largo araount of tape nay have to bo scannod. .Vhen 
function tablcs aro storod on fcards, an oven.'groater llnitation appoars 
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boc.uso oxl.tln; o.rd d=vl=« scan ..nly .i. .... dlrcdtion. Th.t 1 =. tho 

^cchi^nism for f.oding cards ct.nnot -bo rcvorscd. 

2 . 7.3 opeed of Input and Control Devices 

It h.d too. ===n thct If CCDPI« cc.ldul=tlons r.ro tc to done v,ith 
, rcodonatlc or.,ount of culpHont. thon thc ooloulotions nuot tc done cori-' 
„lly. Purthcr, thooo scrlal nothodc thcn roqulro hish-cpood doviecs using^ 
oloctrieol coapononts to acoo,.,pllsh tho dcsirod rosults in s roasonatlo 
ttao. Tho prosrodduins infornatlon oonoornins o spoolfio prctlors u.ust thcro- 
foro to o-do.ilctlo for rdpld uso ty tho olootronic oocputir.s dovioo. This 
'otn to assurod ty prosottlnE o numter of cirouits. oithor by ncuiual 
swltohos or ty punohod ooris od in tho SUAC. tut tho tino roiuircd to sot 
up u uuchino for d glvon protlcn is thon conporctlo to thot roqulrod to 
sot up tho dlfforcnti;i cnulysor. If thc progr« Inforncticn is not sot 
up stuticuUy in this »uy tofcro tho oouputotior. stnrts, it n.r.y Instorol 
bo fod In soriaUy as noodod ty tho cnpotcrl Tho spood -.vith vd.ioh this 

nay bo dono fron a papcr tapo or card roading do.ico is so f-r 
to that donandod by an olootronic oonputor that sonc othcr v;ay nust bo 

found, •■ ■ 

A 5 atisfactory solution cf this problem is obtained by thc uso 

of tho saI:^o typc of mcmory olomonts -.vhich are to serve for thc, storago of 

nuiacrical infornation during thc cenputations.^ As vrill bo shoi^n later, a 

nonory elcnont is availablc which is sufficiontly incxpcnsivc so as to justi- 

fy its uso for thc etorage of program inforaution and function table infor 

Cittion.- It is thoroforo possiblc to store vrithin such r.icuory olcmcntu, 

, thc data noeded to Gpccify and carry cut tho calculations fer rathor - 

ccnplcx problcns. Au such information, thcn, nay bo set up initially and 

’Utcuctically in tho u.loctronic_nc;r.cry .elements. Thccc incnory olcnonto aro 

f, ■ I. . ; •. n ;< .Av. i, 'i ‘ 

. . ,j • 
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thcn sufficicntly fast so that thoy v/ill provido coiitrol signuls to Icoop 

Tj^cc v/ith tho Spe od of thc co:;’.putor. Idorocvor, v/ith thc cs.id cf cli-cticnic 

* 

sv/itchin£ cireuits, such nicnory oloiacnts ccin furnish funotional valuos for 
givon cirguRcnts at spoeds v/hich do not lupodc tho overoll coniputation 
procoss, . 

Input and output dovices v/hich usc a tapc havc inhoront spood 
advantages ovor thosc v;hich uso cards« A' card Teod nust tn.kc cards \vhion 
are originAly at rest and accolorato them so that thoy nay hc scannod hj^ 
thc reading ncchanisn. Thus oven thsugh tho reading rncchaniSE itsolf 
night bo capablo of scanning cards v/hon run at a vcry high speed, thore is 
a serious problen in thu dosign of a foeding ncchanisn whic]:i v/^ill accolorato. 
thc cards vdthout daraaging then, yot at thc same tino pas s then thrcugh 
thc reading ncchanism vvith propor tcloranccs on tir.ing and locatien, A 
tapo dcvios could conccivably opcrat3_ at high speed by running tho tapo 
continucusly. As a matter of fact, oxisting tapo dovices use an into^r— 
nittont motion v^hercby thc tapo is stopped along froi?. oho resading pes it ion 
to tho noxt and is read only v/hilo it is at rest. Thcrc is no roasoni 
hov/over, \ 7 hy a tapo cannet bc scahnod vdiilc in not ion. 

•, Paper is not thc only natcrial availablc for tapc rocording, and 
sinco thc objoetivo is high spoid and roliablo operation for tho inpuu and 
cutput dcvicos as wcll as for thc conputor aiid r.'C!nory clcncnts, other 
Materials sliould bc considerod, Various typcs of filn such as rnoTing 
picturo film and spccial colulosc tapes aro possibilities, but no othor 
material s>.eins as ;yo11 suitod for tho purpeso as a -iviro or tapo 
of magnctic rx.terial, on which tho Information is rccordod in tho form of 
Snall nagnotizcd regions, Such a v/iro or thin tapo can store inforaation 

•I 

much nore cc'npactly ths.n it can bo štorcd on conventional punchcd cards or 



or paper tapes , and this Information can easiljr bo converted into a Gequence 
of clectrical signals, lioroover, such \Yire tape ia strong onough to be 
run at high speeds, and it is not easily demaged by ordinary handling or by 
repeated use. Some of the alloys suitablo for such application are natur- 
ally rust-proof and records kept in this form aro therefore not only very 
oompact but also very enduring. On the other hand, magnetic wiro or tape 
rocords can 6asily be erased so that the sar.ie wiro may be used over and 
over again if so desired. It is vory likely that the cost of suitablo tape 
or v/ire v/ill also bo loss por unit of Information storod than the cost of 
any other medium ■'.vhich might be considored. 

A furthor discussion'of magnotic reoording v/ill be found in 
Part 4. It is sufficient to noto herc that thorc alrcady oxist magnotic 
rccording doviccs used for sound^rocording and rcproducing v/hich Justify ^ 
tho statomont that this mothod of liandling the input.and output of inf or— 
nation from an clcctronic computing devico is grGatly to bo proferrod 
over any other exioting method, Tho rcouiremont that tho input and output 
dovicos should bo operated from electrical signalsand genorato olectrical 
signala is niccly met by the use of this devico, 

2,6 ACCURACY REQUIRZS DIGITAL COivlPUT ING _ . , 

The foregoing sections have shovm.that tho nocd for a general 
computihg devico capablo of handling complox problems can bo 0 ict T/ithou.< 
unrcasonablo amount of cquipmont if the computing is dono .fficrially, and 
that this in turn forcos us to sock oloctronic methods to roccoup the loss 
in spood which such operaticn entails. So far iiothing has becn said con— 
Corning tho accuracy to v/hich such a machino should v/ork. Lodcl devico^ 
ftbd most nno.logy methods such as tho notv/ork analy 2 cr can provido at most 
t'.vo or throo significunt decimal figures. ‘In cortain cases the differontial 
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o.n »ork to four slstiflotnt nEuro-'aoourc.cy in.sor.o varlobUt 

athough thc ittainiacnt of oach oocuraoy ls.'oy ■>» »“i-- 

tlouUrly diffloult for an analogv dovlco in *ich olootronlo tuboa aro 
^ad to aehiovo much aoouraoy if tho variooa nua.orioal ^oantitioa aro 
roproaontod by tho a.plltudo3 ofourronts orvcltaEos in tho Circuit. 

It ic tao.odiatoly cbvioua, hcatovor,- that mathoKtical prccision 
aan bo attainod in a ccaputins nachino v,ithcut oorroapondlnc procisicn in 
ali of ito partc providod that tho maohino oporatos arlthr.otloally upon 
,uantitioa t,hioh roproaont dišita rathor th,n attcnptins to inauro a,curaey 
by proclso oontrol of voltases or ourronts. Ono map noto , for instanc 
that if voltagoa or ourronts can bo controllcd to nithin a-fo« nor cent. 

thon a throo digit docimal n^bor might bo apociflod by throo difforont 

a. • 4 .>,„ iinits’dio-it, ono tho tbns digit and 

■ voltages. ono of cach roprosonting tho uMts dl„i , 

ono thc hundrods digit of thc entiro numher. 

Sinco. hov^over. thc devico no-.r undor discussion is to uso commor- 

oial tacuu.mtubos and thoso aro oxtromoly variablo. it is haportant to^- 

insurc that this variability ^vin not affoet tho accaracy of tho compuua 
tions. ■ 

n,.rolv as a svoip h. In this oaso any givon tubo is olthor nonoon- 

Jr, rrr.r,r.4. rocuracv of cfrcuit compononts is 
duet ing or conducting c.nd n g 

r to insurc rcliablo diseriuination botveon tho conducting 
nccossary in order to insurc rc.iivi.u_ 

and nonoonductins statos. Praotioal oonsidorations oonoornins olootronio 

tubos as Circuit compononts roiulro'. thoroforo, not only a dieital ropro 
sontatlon of numbors in tho computins maohino but tho oktromo disital 
systom which may bo oallcd tho Mnarp, systom,»heroin Bach tuno h-S only th 
possibility of indicating a zoro or a ono. That tho *ubcs aro uso 
this waydoos not, of oourso, forco adoptlon of tho bdnary systom of not.. 
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tion at tho input or at the output of' tho. canipator', nor docs it roquiro 
that tho •binary rcprosontation of numhcrs bo usod oxnlicitlv in any part 
of tho machino. In tho EIIIAC tho docado countors aro mado up of clcctronic 
tubos which aro usod always as doscribod abovo, but thoro is no ncod to 
rosort to tho binary sy3tom of notation in ordor to work effcctiYcly with 
a machino which has such docado countors as componcnts. There is then no - 
rcquircmcnt that a machino which utilisos tubos in this vmy must omploy 
any particular numbcr system in its' opcration, and a discussion of tho 
morits of various numbcr systems will not bo undortoken until lator in 

tho rcport, 

■- This section and the ohos prccocdins it have sorvod to outlino in 
an oxtromoly genoral fashion tho kind of machino which sooms ballod for if 
ono is to Eolvo cx?cditiously compldx problcms such as thbso arising m 
advanccd scicntific theory and ongincoring dosign. To sum up bricfly 

I 

Tho machino must oporato in a sorial fashion to avoid 
largo araounts of oquipmGnt; it must employ oloctronic 
componcnts to componsato for tho loss in spood v;hic 
this sorial operation brings with it; and it must usc 
thoso clcctronic componcnts as simplo on-and-off do- 
• vicos in ordor that tho rcquircd accuracy and rclia- 

; ..' bility can bo attaincd. Morcovcr, manual oporations 

in prcparing tho machino for a particular problem 
can.bo avoided almost cntiroly sinco magnctic tapc 
input dcvicos can bc cfmployod to fced oporating 
instructions in tho samo ■v','ay that numbcr s aro intro- 
ducod into tho machino. . ^ 

2,9 TKE ECCNOinCS 0? COlffUTIHG liACHIKES ■ 

2,9,0. Tho Cost of Mathomatical .Solutions 

As suggestod in tho introduction, rcliablb answors can ofton bo 

found moro quickly and chcaply by ceraputation than by cxpcrimont, oven 
though tho oxporimont uses modcls. Rosults which cjc valuablc if obtainod 
quiokly may bccomo almost usoless if a -grčat dcal of time clapscs bctv.ccn 
tho fermulation of tho problem and tho attainmont of tho solufcion. 
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1 -Urlv tbo bi-^^b vci:iue v/h'icli 'tiir.clin.-^-s nt.y 

Disro^ia-dins cc.nplcwcly ti.c 

^ ''ssociatcd -.vith uathcmcitical 

„ossc= 3 . lot uo c.:<or..ino tho -cest oo=.pono..t. ... = oci . 

^ ^ fc-lling:, for tho most part, 

Solutions. Thoso costs n,uy bo thousnt of ..s fu & 

1 „ tho fono.,lhs sonorni clnoslMontlons.. (n) Propnrution cf tho problo. rn 
s „utho«utioo.l for.:ona levični sy.bolis» npproprlnto to tho »chrno. 

(,) Propnratlon of the mnohlnc itsoU in nccordnnoo fith (n). (O Actunl 
oonputins, oortlns, or other oporntlcns porPor.od by tho .nohlno to nohrovo 
tbo solutlon. C d) Propnration of graphs or tublos of tho rosults rn n 

form ousily npprchondod by thoso «ho uro to uso thom. 

: For difforont tyios of mnehinos. tho costs in thoso ontesoroos ^ 

inust'vary vadoly, and conparisons aro moro di.fficult b.cusc ther 

r.ir .ay of dccidins upen a -standard problem- ob -typical problem- on v. xc 

s Hov/over if attonticn is contored - as in this 

to baso such comparisons. Hovovci, 

roport — upon problens having tho o;mplcxity assočiated vdth tho intogra- 
• ticn of non-lincor partial difforential o^uations and intogr o-dxfferontrU 

•o^untlons. thon oortain sonorni conclusicns uro possiblo. 

T+ it is cvident that part 
. Even for probloms of le^ssor co...p y» 

to cnrrv out the sclution --niust 

(T,) _ proparation of tho machino itsolf to carry 

be madc as automatic as possiblo. Also, rcduotion m the l^bor 

Of (u) onn bo nohiovod if cnroful considorntion is slvcn to tho struoturo . 

ond orsdnisntion of tho mnohino nnd its losicnl control. Obtiously. tco. 

tho inbcr costs Invclvod in (d) onn bo out srontly if this onn bo cnrrsod 

out uutcmntionlly. Thoro is no point in prossine nn o^tromo roduotron 

in (c), tho oost of tho notuul oomputing, if this is nlrcndy low in ooLi- 

parison with tho other threo. . . 

It sooms bost, novortholoss, to confino attontion at first to tho 

■ c«putcr itscif, purtlybocnuso moro dcfinito.,^d nbioetivo compnrisons onn 
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bc :riado in this cacc, nnd pc-,rtly bomiuso c. dlscussicn :.'f‘this itcm will 
natural3.y bring to li^ht eoao considorations pcrtinont tc thc othcr 


catcgorior,. 


Spccd C'f opcr-ticn is rclevant to tho cost, but the spocd v/hich 
is of conoorn in this casc is tho spoed per iinit of coniputation, .This is 
obvicus sinco noro conputation can' bo dono in'tho sojno tinio by duplication 
of oquipncnt.Y,*hich nay for instanco bo done by fors‘akihg tlio principlo of 
serial operatior. and carrying out varicus parts of thc calculation sinul- 
tancously. '';Vo iiiay then say that v/c aro inerpasing thc ra.tc of ccnputc;tion 
by dolng nore units of conputation at tho same time; but to do this with 


thc same tvpo of oauipmont v/o must providc moro units of' 6quipnont, Thcrc 

\ 

is no point thon in conparing tho cvcrall speod of oporation pf t\yo nachino 
hnving differont conplexity but utilizing tho seno typo of oquipnont for 
thoir unit operations, '.Vhat is pcrtinont is an approximato comparisen of 
machinos v/hich utilizc differont typcs of clcnonts and this conparison to 
bo significant niuot tako into acccunt thc spoed v/ith vvhich theso olcmonts 
oporato. _ ‘ . 


, Exclusivc of thc input and output dovices, computing machinos of 
tho typc herc boing discussed havo thrcc sorts of parts to bo distinguished 
units. sv/it ching and control units . and one or moro arithmotic 
units v;hich form the .pomputor nronor . Although tho last of theso may bc 
Considerably coraplicated bocause of tho divorso funettons v/hich it must 
porforia, thu groatost amount cf oquipmcnt v/111 nocos3arily bc involvod in 
tho incnory, sinco in this thero must bo stored r. largo amount of inf orna— 
tlon which is not bcing usod at thc mcaacnt but v/Iiich ciay bo callod fer on 
Bhort notico, First consideration should thorcforc bi, given to tho momcry 
ulements, ' 



2,9.1 Rclative Costs 'for H6mory 

A slnglo rolay r,=.y used uš un er^off of bimrycbylco. To do 

this ono of its contucts may bo usod in n holding Circuit so th-t, 
rcUy is closcd. it romnins olosod untll son..o cthor control opons tho hold¬ 
ing Circuit. An oloctronlc triodo cennot bo usod in this v,cy. but o pnlr 
of triodes. togother with o fow roslstors und condonsors, mn bo used in c 
Circuit knovvn o.s c flip-flop Circuit which will functlon in much tho seno 
monnor as tho rolay. Slnco tv,o triodos for this purposo con bo obtalnod 
»ithin a singlo onvolopo or tubo, ono vacuuni tubo '.vith its ossociotod 
• Circuit compononts is r .ughlp tho ciuivolont of ono rolay for no=.ory purposes. 
Ono flip-flop Circuit of this typo coaplotoly viirod and roady to operete is 
'to a flrst appronination just abiut as custly as ono rclay proporly »ountod 
ond vvlrod. As p'ointcd cut oarllor tho uacuum tubo has en fciaonso speod 
adrantagc oror tho rolay. This advantago bocomes Important, ha.votor. only 
whcn tho flip-flbp is recolving infornation or ivhon it is dolivoring its 
Information to seno othor Circuit and it is boing .cloai,-od. During thoso 
intorvals vvhon tho Infornation is noroly boing hcld, tho rolay and tho 
uacuum tubo aro moro or loss on a par. As regards malntonanco. and roU- 
ability. tho rclay may bo proforablo so long as this judged io hours and 
not in nunber of oporatienš. In short, tho vacuuK tube has am advantago 

only v/hon it is c.ctivcly doing semething. 

Whon rclciy 3 or vc.cuum tubes aro, usod to reprosent nuinbors in tho 

dociraal systcrn, ' incfficicncios ara introducod sinco oach of.-fcheso devices 
is binary in nature, but these inofficieneics affebt both tho* rolay cbr-cuits 
and tho vacuun tubo cireuits about oqually and noed not bo cOnsiderod hero. 

• • A.point u£ually brought out In ceraparipi, vacuum tubpos v/ith relay3 

is that rolays can havc multiple contaats, enab\ing a singlo rolay to con¬ 
trol or s\vitch o. number of cireuitsi. Also, two or noro coils con bo wound 




on one relay. so that operation of this relay fron: several isolated circuits 
is possible. Hov;ever, therc is a pričo to be paid‘for thoso apparent ad. 
vantagos. Extra coils and contacts uEuany mean a reduced opcrating speed ^ 
for a given type-of relay. Also, in certain complicatod sv/itching and 
coding circuits, tubes have an advantage over rolays-v/hich is not ijnruediate- 
ly obvious. In such circuits. there may exist'uirranred current paths. 
doscribed as «backcircuits% v/hich nust bo elnninated. 'flhcn tubes are 
used as switching elements. theso backcircuits are provented becauso the 
tubes will conduct current in only one direction. Rolay contacts, how- 
over. lack this rectifying action. and additional reiays must bc used to- 

ocen such circuits. ~ 

The advantago thon which mcaorj' dcvices us ing vacuum tubos as 

flip-flops possesses ovor K6niory dovicos using rclay3 is solciy one of , 
input and output spood. As dcvicos for.binary inomory olomonts. tho rola- 
tivo costs por unit operation cannot bc compared vdthout furthor Informa¬ 
tion sinco the Ufo of thc rclay is dotormined by tho nuinber of operations 
and tho lifo of tho vacuum tube is moro or less indopendont of the numbor 

of-pporations but is noasured rather in hours, 

• Lot us.supposc, for thc purposc of makiiig a eoinparison, that tho 
Ufe of a relay is 10® operations, and. that thc. Ufo of a vacuum tubo usod 
as a flip-flop is 10® soconds (about 3 yoars continuous 24-hour day uso). 
.(Rolays and tubos cxist for which theso figures aro similarly conscrvativc.) 
It can then bc scon that thc flip-flop need oporatc an averago of only 
onco por soeond in or do r to cqual tho rolay pcrformancc. 'mhout rcsorting 
to olaborato Circuit dosign, hov/ovor, such a flip-flop can casily be mado 
to oporato at-10*^ times por socond. As alroady pointavd out.’ this spood is 
not used officiontly in a simplo flip-flop momory sys1tcm. but is throvm 



BV/r\V becr.use,‘most of the time, the is do ing nothing. In a ma- 

chine such as tho ENIaC, \vhere flip-i^lops are used in decade rings' for 

Ph 

inemory purposes, only about one tube out of ■every 500 is "active" on the 
average during the actual computing opcrations. Allowing for a factor of 
Z for timos when tubes ara on but computations are held up for input or cut- 
put devioes to function, v/e niay savthat each flip-flop is active about 
100 times per second. Thus, even v/ith the inefficiency attendant upon 

I 

using the deCade ring for docimal operation, the vacuum tube in its life- 
tiiae will perforra 100 tiir.es as iriany operations as '.vili the relay. ( A 
further point \vhich favors the tube is that. even thougn initial ooo^s are 
about the same, tube replaccment is quicker and choaper than relay replace- 


nent.) 


Tho factor of 100 for tubo vorsus relay »cost per operation", 


rough and inexact though it niay be, is meant only to illustratc what is be- 
lieved to be a fruitful vray of approaohing the topič of the oconomics of 
computing machincs. v/nother this factor is corroct for the example cited 
is not of any grčat iinpcrtance. ^miat is important is to noto that s inčo 

S 

vacuum tubes are capablc of operating v.*ith pulses at rates in oxccss of 10 
per sccond, the fliu-flon tvne of raemorv element is nc aih eVe near the poi . nt 
o f making f^ood uso of elec troni c tubos . A rauch more officient use of vacuum 
tubes is possiblo in tlio serial ir.cinory device v/hich is to be dcscribed m 
Part 3. A devico of this sort capablc of štor ing 1,000 pulsos or 1,000 
binary digits v/ill rcquiro no more than ton tubes. This officicncy is ob- 
tainod as a result of tho fact that tho 1,000'binary digits aro to be fed 
in and out of this devico in serial order. As tho pulses aro. fed in from 
some othor sourco, they must pass through • cortain'shaping and timing cir- 
cuits and aro. tho n introduced into a dolay line. Tho pulses v.-hich om^-rgo 
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from this dclcLy line have already bcen "remembcrcd« .and for a period of timo 
oqual to thc dQlay v/hich this line has. Nov; if this same pulse pattern is 
to be stored for a longer period of tira©, it is fed into the delay lino once 
again, and raay bo rocyclod indefinitoly. A unit of this sort which can 
store 1,000 pulses v;ith about 10 vacuum tubos raay cost approxiraately the 
sera© as 20 vacuum tubos and thoir associatcd circuits so that ve may 3ay 
that ©ach binary element may bo stored indoffhitoly for ^ of tho cost of 
storing this information in a flip-flop typo of raemory. For thc cost por 
.oporation, the number of oporations per socond must bo ostimated, s inče tho 
lifotimo of such a devico deponds on’the total tirno of operation. It is oa5y 
to mako such a devico vork at a raillion pulsos per socond; and if oach such 


devico in a Computer vero ac.tivo only 


1,000 


of tho time, as vms ostimated 


for tho flip-flop in a Computer like the ENIaC, then wo v/ould arrive at 
1,000 oporations por socond as an average figuro. ' Wo may nov comparo the 
cost per oporation of the delay line momory v/ith that for the flip-flop 
t'ypo of mcmoryt From th e figures, Jus t__g.i von, wo estimate , that tho dola y, 
lino raomorv is about 500 tiraes chcaper on j this b asi^. Hovovor, this cora- 

t 

parison is not nocossarily corroet s inčo thc tubos used in the dolay lino 
moraory may nctually vork a greater fraetion of tho time than thoso in tho 
flip-flop typo of moraory. It is to bo noticod that wo must distinguish 
botvoon tho oporations vvhich the tubo may go through in tho coursc of ro- 
gonorating tho pulso pattern and tho useful,oporations from thc raathoraatical 
point of viow vhoroin tho numbor is trmisfcrrod from.ono plačo to another 
and othorviso manipulated. Toking figuros vdiich lator soctions shov; to be 
•rcusonablo, v/o might usc about 100 such momory dov-icos in a s Inglo machino 
and obtain 100 or so pulsos from some ono of tlicso for oach cyclo of opoi a- 
tion, From this it is soon that thc ostimatc that ono momory elomont is 
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u^-cd ‘orl’’ ___ tiuci i£i prcpor. Thi‘s .r..ay bo soon dircctly by nooing 


thc-.t this c.oi-ory cap-icii:y to tho storAgc of soiucv/hcro bot>>/ocn 1,000 


and 2,000 n-orcbors (cach huving 8 or 10 dccimal digits). At any ono tirno 


only 1 OT 2 of thcsG can bo utilizcd in tho computing mochanisni. 


The Cost of this dclaj*-linc typo of moinory vAcn usod for tho 


storago of program Information should also bo concidored. If v/o ignore 


tho spoed faetor ontiroly and trcat this momory dovico sololy as a statio. 


storaf^.c olcmont, it is nuch botter than rolay dcvices and is^ about 


on a, par v/ith manually sot switchcs. 


It is thcr-jforc cntircly rcasonablo on an oconoraic basis to 


utilizo thesc mcmory elomonts for the storagc of program information and 


function tablo valuos thinking of them mcrely as statio storagc cloments, 


ftndwithout taking into account tho oaso of sotting thgra up and tho spood 


vdth vdiich thoy operatc and thoir numbbr of operations por lifctime. 


■ '■ « 


i'L.> J M ^ '' ^ 
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2 . 9.2 Car,ipariGo:i of Liput .md Output Doviccc ^ 

A soniewhat sLrdlar discussion can be given for the various lower 

spced devices for handling and recording data in permanent form. Cai'ds 
»hich can receive 80 or 90 decimal digits can be fed through reading 
equip[nent at the rate of 1 or 2 per second. Paper tapes majr read one dec- 
Jisal digit per tape position and 3 to 5 positions every second, or vvider 
Upes may be used with somev/hat increased speed. Each channel on such a 
t^ipe has an "input frequency'' of 5 pulses per second. By the use of 5 or 
6 channels (or up to 30 as has been done) the effective input frequency is 
considerably increased. Since these are nultiple channels this increases 

the equipment. a busincss raachinc uEing'punch cr.rdG,-fcd ct th& 
rate of 2 per second and huving 10 or 12 hole positions in each column, 
could bo used^ as a device having 80 or 90 input channels each of about 
25 pvilscs per second input frequency. The effective input frequency of 
2,000 pulses por second is considerably higher than that obtained from inost 
lapo devices, but this high rate is achieved by the large number bf nulti— 
plo channels vjhich again means more equipment. 

La contrast to these figures, consider those for a magnetic wire 
er tapo recorder. There is a possibility that devices can be developed to 


handle 30,000 pulses per second throiigh a single channel. However, a con- 
»ervative estiinate, based on the performance of existing comraercial sound 
f^corders vjhich use vjire, is 5^000 pulses per second, This rate through a 
channel is two and one-half times greater than the rate which card 
*^chines achieve through 80 or 90 channels, and about 200 times greater 
the rate for a single channel of a card machine. Although the rela- 
'••^e.cost per channel for those devices cannot be estimatod at,this time. 


‘<on:ially used \vith oni v ono 
*nUivalont to ouly 320 pulses 
■>■»0 nulaos por soconcl. 


hole ner column, tho informution on a card 
, GO that two cnrds per Gccond. is oquivalent 



i 
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it is unlikeljr •that a magnetic recordec channel would cost anything like 
200 titnes as much as a card reading or punching channel. •Accordinglyj it 
is inferred that the relative cost per unit operation is probably rnuch 
lov*er for the vdre device. 

2 , 9,3 Grc.phical vorcus Tc-bular Outputs 

The reader is referred to the second paragraph of Section 2.9*0, 
where the costs associated vdth mathematical Solutions vjere classified. 

It now appears that, through the use of a nevj high speed memory device and 
nagnetic v/ire or tape recorders, a material reduction can bo made in items 
(b) and (c). In fact, this reduction can conceivably make items (a) and 
(d) overshado« (b) and (c), Reduction of (a) and (d) is important to main- 
tain a reasonable balance, Item (d) vdll be considered first, 

Automatic printing of tabular material from magnetic vdre or tape 

# . 

rccords is obviously necessary. Fortunately, thcre is no inherent diffi— 
culty in raaking a device to do this. A typevjriter, operating serially to 
print one character at a time, is in keeping vdth the serial operation 
principle advocated for the computing raachine itself. 

When the results of a computation are ext-ensive tables of numbers' 
to be distributed to many potential users, photogrciphic reproduction of the 
tabulations made by such an automatic printer will be used, Ali the neces- 
8 ary work to put such tables in a useful fona can be done automatically, 

Ali differencing, smoothing, inverse interpolation, sorting and arranging 
Can be carried out by the Computer, No reason remains for issuing tables 
*W.ch are not in a form convenicnt to use, 

The preparation of extensive numcrical tables is a possible use 
fop a computing machine, but by no means tho only, .or even the chicf, use. 
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for design problems, a nuraber of Solutions niay bo carried out for just 

purposG — to find that one solution vshich bost satisfies some particular 
criterion. Several parameters may be at the disposal of the designer. Ho 
pajr knov/ roughiy what values to give them, or he may not, but in any čase 
ho wishes to find "satisfactory" values. He may be interested in the aliov'i- 
able tolerances in some paraineter, that is, how sensitive some "result" is 

to possible variations in the parameter. 

The pertinent information for desiga problems like these can be 
presented graphically. Maxima, minima, inflexion points, and ali sorts of 
qualitative and semi-quantitative relationships between several variables 
can be taken in visually from a family of curvea. Even after long and 
careful scanning of tabular material, some of the features iNhich are graph- 

ically "self-evident" raay be missed. . . 

For problems of this sort it should-not be nccessary to viait for 
tahdations to be prihted, and then to wait even longer while a great doal 
of labor is spent ir^^lotting the tabular values and in dravjing famijl.es 
of curves, Foi' it is, in fact, easier to make an electrical computing 
sachine operate(a cathode ray tube than it is to make it operate a type— 
*ritcr. A high-speednjomputihg raachine can, in many instances, comp^e^^^^^^ 
r^sults as fast as they can be taken in by the eye vihen "plotted" on the 
*crcen of a cathode. ray tube. If, for more' complicated problems, the 
^ssults are not turned out rapidly enough for iraraediate transfer to the 
'dsual output, these results can be stored in the memory and "run off" 

*-b€n completed. -'V . 

The usefulness of a "visual output" is not confined to design 
if^oblems of tho type cited above, In the .preparation of numerical tables 
^ does not always know beforehand what tabular intervala must be used to 
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Icccp certain differences small, or v.'hat the’range of variation of the 
quantity calculated is going to be, or vjhether certain nuraerical processes 
will converge nicely. It is desirable to have some way of investigating 
these things qiiickly and easily. As before, no great accuracy is needed 
to judge these matters. A \'isual output can show immediately when a par- 
ticular quantity has gone "off scale". . The smoothness of a tabiilation can 
be checked by having differences of a specified order transferred to the 

screen« , - 

2.9*4 Preporatioh of tho Problem 

The cost of steps (b), (c) and (d), as classified in Section 2.9*0 
have.novi been examined, and devices have been proposed \vhich can be expected 
to reduce these costs considerably, Ali three steps are to be carried out 
automatically from directions v/hich are stored magnetically on wire or 
tape. To prepare input data in this form, a raachins something like a 
^typewriter mil be provided. If step (a), the preparaUon of the problem 
in a form and symbolism appropriate tb the machine, has already been done, 
then an operator,with no mathematical knowledgc can transeribe the problem 
data to the magnetic wire or tape, • : 


The cost of step (a) remains to be considered. This cost raay 
easily be the largest of the four, and hence reduction pfthis itera is ex- 

tremely vforthwhile. How may this be done? 

It may be done by giving careful attention to the organization . 
and control of the calculating machine, and to the code which operates the 
Controls. Only a few basic orders must be eraployed, so that constant refer 
ence to a dictionary is avoided. But these basic orders must be chosen so 
that, by sijnple and easily learned combinations, a great many frequently 
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{»esired operations can be carried out. ' An order to add t-vio numbers might 
^ considered basic, Should separate orders be used to transfer the de- 
gj^red numbers to the Computer, or should one order combine the directions 
(,0 add with the specification of the position in the memory vjhere each 
niifflber is to be found? Decisions as to hov; arithmetic operations are to 
be specified by an order code can probably affect the cost of step (a) 
only slightly« 

The'cost of step (a) is, hov;ever; immensely sensitive to the way 


in v;hich repetitive and interative processes are ordered. Essentially, the 
cachine must be raade to perform "substitutionš". For instance, the same 
aequence of aritiimetic processes must be carried out over and over again, 
but each time on a new set of numbers, To repeat such arithmetic orders 
each time they are to be used would be wastefui of memory capacity as well 
aa vjasteful of coding time, and is obviously tinnecessary. As anbther 
cxanple, interpolation in a function table may be called for at various 
limes during a calculation. The directions for carrying out this v;ork 
Roed be inserted in the memory only once, and 'the basic order code must 
provide for finding these instructions each time that they are needed, and 


for returning to- different parts of the problem orders after each .use. 


(Another type of substitution is also desirable in using function 
tables, Hunting through the table for a certain argument can be avoided 
^ having the argument specify the plače in the memory at which the desired 
i^ction value is to be found. But to do this, the order code must be made 
provision for substituting_ a number (obtained froia that part of the 
^•-ory which holds the argument) into an order, so as to specify vvhere the 
f’'inction is to be found.) 
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It is by the use of "subsidiary- chains” of orders, to be called 
into use frcm time to time, as they are needed, by a "higher" set of orders, 
that a computational routine can be corapactly represented. ^Vhat is more, 
this corresponds to the way in iNhich mathematical processes are most easily 
and naturally thought about. The rule for interpolation is not written 
down a;iew every time it must be used, but is regarded as a ’*subsidiary^ 
routine" already knovvn to the Computer, to be used vjhen needed, 

This compounding of orders at different levels (sometimes re- 
ferred to as a hierarchy of control) constitutes the most important strategy 
for easily organizing and vvriting dov/n the instructions for a large compu-^ 
tation. It is therefore important that the raachine and its method of con¬ 
trol be planned so as to make effective use of this principle. 
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PAR? Z THE DELAT LIKE LELIORT D‘EVICS • 

3.0 THE DELAT LIKE LE::ORr DEVICE 

J. high speed Kenor;- element vAlch is simplo enougli and eheap 
enough so that a large m3ncry capaoity oan be obtalned v:lth a reasonable 
BBOunt oi cquipnent is an essential oomponent of the EDVAC. In thls seotion 
a desoription wlll be glren of a memory device v*ioh satisfies these re,uIro- 
monts and »hich seems the best available device fcr use in the EDVaO. 

The memorj- device uses a delay line as a serial storagc' dcvicp and 

rcgonorates the signal pattern so that virtaally unlimited storage timos may 

bo obtained. It is essential that the signal patterns to be storod aro digi- 

tal in nature, bot thls is alroady one of tho roguirements ,,hlch must bo ' 

placed on tho computing systom in order to Insuro accuracy. Also, it is 

nooossary that this dovico bo kopt in synchro_nisn v/ith a standard clock or 

oscillator. but this charactcristlc is dosirablo for uso in a computing 
Kachino, 

3.1 OPERATION OP THE DELAT LINE ifflLORT 

Tho olcments of such a moniory dovico aro shovm in tho hlock diagram 
of Pig. 1. C is an oscillator -hioh sorvos as a clock. It eraits continuously 
train of pulsos which raay for tho sako of illustration bo considorod as 
ar to thost. illustratod in Fig. 2c. L is a tronsraission lino with char- 
•^oteristies such that pulsos v.hich are fod into it at ono ond aro transraitted 
issuo frora tho othor ond aftor a dolay tirno T. Tho output pulso frora L’ 

«‘'0d not bo oxactly liko tho input pulso as will bc scon lator. In genoral 
»“Oh an-output pulso raay bo passod through an arailificr. and raay then bo usod 
^ ignul upon grid of a gatc t ubo C. Tho socond cpntrol gr id of tho gato 
G rocoivos tho continuous train of clock pulsos frora C. G is a coinci-. 
dovico, and a pulso appears in its output only v/hen G rocoivos siraulta- 
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P Pulso formor 

L DelBy Lino 
A Anpllficr 

O Oats (eoincldcneo tubo) 

C '’CXooWs soureo oi' ti«od pulsos 
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„cou=ly pul.cs frcn A cud =. The cutput pulhc fr»n = 1= then Ped haoh luto 
vrcferubly bh.ouph c Por,cina circulc. ?. »hioh civcc čhc InpuP pul.es te 
I, a shupc chd cunplitudo »hich is optij.».i 7,ith rcspcct to tho' ohursetoristies 


of L* 


Lot us nov/ sssatc thot in sono w.>y n singlo pulse is Intrcduocd Into 
tho Circuit PLAO und thot this pulso is so tlmod thut it coincidos .sith a 
clock pulso at G. ■ in oon=oqucnco. o. nov pulso v,ill bc set up throush tho sun/o 
Circuit and aftor a time 1' this pulse -sili arrivc at gatc 0. If T is made 
a multiplo of tho period of tho clock 0. u ne-, pulso eill agaln bo causod 
to circulato through K This repotition »ili contir.uo so long as t»o r.oc- 
cs 3 ary conditions are maintainod. Ono of thoso conditions is, of courso. . 
that tho time T Shali sufflclontly approxiEato seno multiplo il of tho oloos 
period, and tho othor is that tho total galn arcund tho Circuit PLAO Shali _ 
bo unity. The first corditlon is not d sovoro ono, bocauso tho pulsos v/hich 
must colncidd in o aro^not lnfinitoly narrov, and can bo mado broad onough. 

'so that slight virlations v,ill not intorforo v,itn,tho coincidonco. As a 
muttor of fact, tho pulsos fod from A to 0 »iil terp/ lilc.ly bo broudor than 
thoso from C and can bo deliburatelp bro.-.donod if nocoosory so as to ro- 
somblo thoso-shov/n in Tis. 3 A. Ih this caso tho output pulses from G „111 
rcsoBblo tho clock pulsos 0 and thoir ttalng acouracy „ill bo dotormlnod by 
thocoouraoy of tho pulsos 0 oTon though T varios slightlp. Tho scoond 
condition, v/hioh has to do vvith tho guin aro/uid tho Circuit, is oasily pro- 
>idod for by v/oll knovm mothods of galn control ruid tho limit ing act ion of 

^ircplifiors, ■ 

\lt is soon thon that if a slnglc pulso is introducod into this 
Circuit at tho prapor tirno, thorc „111 bo a now pulso cent through tho dolay 
lino L at intorvals „hich are acouratolp K timos tho clock por led. 3ut 

fftrt P. j! ^ o ^ 

f| “ i > • • ■' I d i-,/ \ '1 . 

j viii -vv.« ^ a tt*» 
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■zOTC th;'.n ono pul.yo raav bo .used in thiS Circuit, I’i f.'.<;t, ne r.:.i:y uc IJ 
puloos nc.y bo introduced, c.nd c:.oh v/ill 5oparatGly be perpetuatod in this 


I In practicc, the transaission line L can be an electrical trans- 

K' ■ • ’ 

I alssion lino if K is a small nunber liko 4 or 5, but for lar^er values cf K 

i ftttonuation and phase distorticn in electrical lines makes it irapossiblc to 

I ■ • . 

I uso then for this purpose, Ilov/ever, the transraission lino nc-ed not bo puroly 

I - - ■ ... - , . 

I electrical if it can be provided v/ith olcctrical input and output devicoo. 

t ’ 

' Tuo bost devico nev; known for L '.rhon U is largo co.vi3ists of an acoustic 

1 ' • ■ ■ 

I transjr.ii?sio'n line »vhich uses piczo-elcctric crystals for its input and output, 

Ž ■ * ' 

I -ij.tn tho input crystal is olcctrically pulsed, a mcchanical cr sonic pulso 

1 i& transmittod-through an elastic modiuia. Travcling at tho velooity of 

I 90und in this mediujn, this pulse arrives later at tho othor cry£tal and 

' . . . ■ 

■ I • ’ ' 

I Cttusos it to genorate an olcctrical output signal, Solid materials for the 

I '.couctio lino havc the disadvantago that thcrc are scvoral modos of propa- 

■ i • • 

gttlon oach v;ith a different vclccity, This can. be avoidod by the usc of a 

' i . ■ • ' ■' '' 

-> IS^uid so that only longitudinal v/aves can bo'proDagntcd, The lic^uid v;hich 

il ■ ■ ■ • ■ . . 

it nGarly fulfilis' tho rccuiresients for this purpose is niorcury s inčo 

L- rf , , , 

’h*s hc'.s a lov vclocity of propagation and y-jt, bocausc of its donsity,' has 

'I' 

‘I a tcoustic impodancc comparablc to that of. quartz crystals thus prov^nting 
■f ’^i*turbing roflcctions. Acoustic de lay lines using nGrcury v/cro dcvolopcd 

Ly.;' 

4.1 the >'oorc School as aceurato tii,’.ing devicos for othe-r applications in 
El . • ■ • 

In 1944, during work on tho ErlLlC, tho regenerativo Circuit v.'hich 

E 

« tnis dclay dovice to bo used as a momory unit v/as discloccd :'jid 

E* 

h' "'^''^-afui prcl ir,iinary cxr!Gr inientš '.v^-re porforir.cd, Tho method of insuring 

¥ ea*. 

^ '‘-'4r„tc thaing by gating p.ulscs v/as one v/hich had alreacly beon utilizod in 

t. tblAC. . ■ . . 
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It is obvious -that thc addition of &. fow ^'-tp fubcs to thv-3 Circuit 
,j>f Fig. 1 cncblcs thic mcnicry duvioo tc bo clcs.rcd of pulcos roid to bo fcd 
ncw pulsos, Also thc Circuit inay bo mado to transnit to othcr clcvicos a 
pulso pat ter n sirni lar to tho one which it holds and so long as its ovm Cir¬ 
cuit is not cloarod it can repcat such transmissions 'as ofton as dosirod. 

It is interesting to neto that this nicmory devico can if noccEsary perform 
ali thrcc of theso functions at onco. That is. it may transmit tho signals 
it has bocn storing, cloar itsolf of thcac sigrials, and Eiiriultancously roce^/?. 
and storo a nov/ set of pulsos, 

3.2 EQUI?idEirf AND STCRAGF CAFACITY 

From oxporimcntal inoasurcnoats on acoustic dolay liaos it is knov.n 
that approxi!natoly 3 stagos of amplificaticn (for pulsos 1 nicrosocond apart) 
v/ill be nočossary to offset tho attonuation ocourring bct;Yoon tho clootrical 
input and tho olcctrical output (most of this attonuation occurs in tho in- 
nut and. output crystals and thereforo is independent of thc longth of thp 
dclay line). In a nachino v/hich usos a numbor of nicmory elements only ono 
clock Circuit C nood bc providod so this part is not to bo considered ^yhcn 
counting tho cquipi?.ont needed for oach racniory olcnicnt, Tlio various gatc tuces 
and thc forming Circuit P inust, of coursc, bo provided for oach dclay lino. 

It is estimatod that thc nambor of.tubcs roquircd for thoso and forthe 
amplificr v/ill total about 10, 

Expcrinicnts havc shov/n it to bc practical to utilizc this incniory 
devico so as to storo 1,000 pulsos ocourring ono microsocond apart, This 
devico is thoroforo capablo of-storing 1,000 binary digits and vet usos only 
I vacuum tube for oach 100 digits stored. As a matter of fact, ar.iong tho 10 


tubos inciuded in tho abovc estimato are severni ^7hich are used for sv/itching 
purposes, If such 3 witching moans v/cro sirailarly incluned in ostimatos for 
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rolay or flip-flop :.:o;:;ory oys-Uo.as, thcn ono rvi-y or tubu p^r binury di^it 
:vould nc Icn^or bo cufficiont. Considorins thlc , thc oo^dpr-rison io oven 
more fovcrr.blc towc.rd tho :.oouctic doluy line niomorp in^.it* 

Electronic bec-m tubes utiiizing & KOiTiOry depending upon the storage 
of electric. cliarges may be ablo to do better than this, but at present che 
deveiopment noces 5 ary to nake .such a systsm practicai is liard to estijnate 
and night be very considerablc. Thsso t.vo typos of* ueuorv are tke cnly <-.no3 
v/hich at presont ccom capablo cf operating at thc speod of 1 pulco por micro- 
second. Chcapor nioiacričs wan be cbtained by ths usc of magnetic dovicos, ar.o. 
.nagnotic v/irc rccord;: are an exanplc of this. At present, nov/over, i^neso 
are not capable of o-.erating at thc speed i^st nicntionod and thoroforc are 
to bo used in the EDVAC at a lovrcr speod for permanent er long-interval 


storago, ; ■ ^ ^ 'h: ‘ ■ 

3.3 fSKi^lIiiOLOGI ?CH EDVAC LEimY .. . - 

In order to facilitate discussion of tho applioatien of tho aolay 
line mcuory device to the EDVaC, tho fnlloving torminology v/ill bo introducod. 
A dolay line niemory unit vriil bc callod a tank, Each pulse pa vtem re^ro— 
sonting a nuraber or an ordor v.dll bc cailed a -;/ord* . To Eiinplify tining 
problems, thc sarec tinic must bc allovrod for cvcry v;ord. Hcncc, to usc thc 
tonks cff iciontly, ali v;ords, v;hethor nunibcrs or orders, should bc approxi- 
Eatoly tho sanic Icngth. A tank dcoigvicd fer thc Svcragc of nanj- ./ord^ ..ill 
bc callod a lons t ank , and ono v/hich is- došigned to store only ono v/ord v;ill 
bo callod g shert tank . To perrrat time for sv/itching opein.tione, the v.'crds 
in a long tank should bc separated by tv/o or throo !.iicro::ec-.:ndr>. The tirao 
from thc beginning of one v;ord te thc boginning cf thc nc>:t v/ill oc eallca 
a ran .r cvcic . ■ ' ' 
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It desiratle to havo onlv one'lengta for long tanks , and to 

call the correspondins time a ^iilor_c:,•^^ A short tank repoate its vvord 
overy minor cycle, and a long tank rcneats ali of its worda onco cach major 

cycle, 

3.4 SKORT VER3US LONG TANKS . . 

It v/ould bc ideal to havc evory word, no matter whoro stored, 

available during any minor cyclo. Thia could bo done by using only short 
tanks. Therc aro tv;o chief disadvantagos to this sol ut ion, ho^vovor. Long 
tanks involvc no more cloctronic equipmcnt than short tanks, and thoroforc 
cost little more than'short tanks, yct oach long tank is capablo of stor- 
ing 30 or 40 v/ords instcad of ono. . Konce, large memory capacity is provi- 

dod most chcaply by long tanks, ... .• d 

A sooond dl,adTOnt=go of »ll ohort tu,*! oppoi^ro »hon sv/ltoh- 

ins-problomo oro consldcrod. Suppooo the-t tho desired ncmory capooit-/ ooold _ 
bo providod oithor by l' long tonbs oaoh oopteining N -Jords, or by i® ohort 
temks. Tho short tonks thor. roqulro on !,3I-vmy. sv/itoh, v/hilo for tho Ion,, 
tonks an K-rmy s^rltch safflcos. The N-r,oy soloction is then o tirno soloo- 
tlon, offootod by o proporly tlsiod goto in tho tru.n!:-lin= cos.-non to oll 
tories. Also. tho outpot.of oooh tonk con drivo only o cortoln limitod 
olootrlcol copooity, and thoroforo. v,h=n noro tanks o‘ro to fced into tho 
sono trunk. thcy nust bo coupiod to this trunk in groups v,ith odditlonol 
driver tubes for oooh groop. This lost foct.is moro sorious than tho oxtro- 
s»itohins ro,uiroBonts. slnoo tho oomplication of tho s-.itch is moro or losa 
balanotd by tho foot thot o oountor Circuit must bo usod v;ith tho long t-uik- 
. to dctorninc vdion tho trunk-lino goto opens to ooloct tno dooircd ^.o.d 
from a long trnlc. 


~Thi:; term 'ouggcstcd 'by von lieumar-- 
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A C ompr 0;iiirO ic ccrtr..inly poss iblč ,. v.'hcroin Lotli long tCinks and 
short tanks are used. The lon,^ tanka can thon provido no.'t of tho dosired 
oupacity, and short tanks can bc used in such a \Yay as to reduce thc average 
vaiting time. In Part 7, spccific numbers of long and short tanlcs v/-ill bo 

BUggOStod, ' 

' PART 4 HAGrlETIG IIPUT AKD OUTPUT DEVICES v- 

4.0 GENERAL FS.ATURES ; ■ ■ 

The discussions of sccticns 2.7,3 and 2,9,2 have alrcady indicato 
tlmt doviccs which cniploy magnet ic v/iro or tapc aro dcsirablc for tho input 
and output mcchonism of a high spocd Computer. Magnotic recording doviccs 
havo bocn knov.-n fer a long time, and rocoatly commcrcial sound rocorders 
using magnotic '.viro havo beon used for inany purposos, Tho npplication of 
such mothods to thc rooording of nuncrical data in digital form rc^uires a 
fow modifications and dcvolopmonts, but presonts no formidablo difficultios. 
In sorao rospoets, tho rcquircccnt5 for digital rooording aro not 
as štrlet as thosc for sound rooording. Linoarity of response to signals 
of various amplitudcs is inportant- in sound rooording-, buf not in pulso 
recording. Ali that is roquircd is that a pulso bo rOiCognižabic as a pulsc- 
not that it have some prcciso amplitude, This is siuilar, of courso, to 
tho usc of vacuum tubes as simplo on-off doviccs, so that tlicir linecn*ity 
is not inportant, Likov/isc, froquoncy distortion is allo^iblo so long as 
it doos not intorforo v.dth pulso rocognition. And fi:nally, npiso lovOls 
‘.fhich v/ould bo intolorablc for sound roproduction nay bc pormissablo for 
pulco recording, Roliublc diserimination of pulses fron noiso can bc 
aasupc^i with a cignal-to-neisc-lcvcl ratio of four or .fivc. 












-.1 v, •..<•' V J ki • s» 

_4S- 


On bhc othor .V;..nd', tho probloiu of s;:r.rtins -uid stoppin- tho Tvirc 

t 

or t::po ia o? nc Importr.noo ir, s-on-J rooor:lins. Imt is vc.ry toporfent for 
tho usc proposod herc. liuoh tepe (end time) v.-ould ho »ciitod if it %rcro ■ 
not possiblo to hrirs hho tepe fron> rest up to rocordins opted ond stop it 
ajcin 4 ttioS:ly adter a glteu piocc of infornatiou hao hoon rooordod. . Tho 
nocc=sary control noohauisn for thio purposo -»ill bo dlscusood in Sootion - 

4»6» 

In passing frem rno-.gnc-tic rccoirding pulso rates to micrcsccond . 
pulse ratoo. and vioo vcr.a, problonis cf tiniing c^nd s-nchroniS:n arioo. Theso 
are niccly hond led by methods to bo discussed in tho follo;vins sootions. 

4,1 RECOPvDIilG FRCil KIGH 3FEED j.T:IX)RY ■ ; . 

Tho ratc at v/hich pulcos May bo rooordod rirvs:ictically en '.rxrc is 

niuch lov/or than ono por microoocond. i-oroovor' it is dosirablc that tho 
procoss of reading frou ^viro records into ac-oustio niC'.aory u:xito shall not.' 
rcquirc cxtrcn.cly accuratc control of tho wiro spoed. Thoso t.:o oonditiono 

are woll taken c^aro of by tho nethod now te bc cxplaincd. 

■ Supposc that a pulso pattern vrhich is to bc transforrod to a wirc 

is at prosent stored in a delav lino ncaory for vnSioh tho umor cyclo ^2 
nicrosoconds. This :r.caory utilizes n short acous-cic Ime of 31 nicrtuu>ccond 
dcl,ay and an oloctrical lino of 1 microsccond dclay. (In this cxplanaticn, 
.other dolays v;ill bc censidored ncgligiblc.) Ordinarily, ,tho signals to bo 
rogenerated v/ill enter tho oloctrical lino and thon, after eno aicrosccond, 
pass into tho acoustic line. The puiso pattern will thus bu repoatod un- 
changod cach miner cyclc. A gate tubo has oiic of its c.:ntrols supplicd 
nith a gatiug pulso, P. cccurring at tho first pulso time of oach niinor 
cyclo, fuid its othi.r control iCfcd fron tlic ao:;:ory systcm just deseribod. 
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It \vill 1;0 cc;ivG:-icnt tc- -cjiur.o th:;t, of thc 33 possible pulsc positions 
(cr timos) in =. minor r:yc.lc!, thc first cjid last cjre tilv:r.ys blank, and the 
pattorn or v/ord occupios tho othcr thirty. Thcn as long os thc ono nicro- 
sccond lino is kopt in thc scaory syr>tcn, no ;?.cnory pulsc coincidcs v/ith P, 
and thcro is no output froin thc gato tube. ; r ; - ;. c - ' ■-■h 

At tho tinc that it is desired to begin rccording, thc wironay 
bo_at rest, in v/hicli čase it is accclcratcd q^uickly by a servo devico, IVlicn 
thc \viro speed has bocn brought '.rithin tho pr oper range, tho ono nicrosoc- 
ond dclay is oloctronically sv/itched cut of tho !ncnory Circuit, v/ith tho 
rcsult that tho pulsc pattern in tho nioniory Circuit advancos by one inicro- 
scicond during cach ninor oyclo.' The pulsos "pass in rcviov.'"-beforc thc 
gating tubo -vvhero r is applied, The output fron this gato tubo is fed to 
the rccording nagnet, and, at tho rate of ono pulsc por minor cyclo, tho 
onti.ro pulso pattorn from tho tank will bo transforrod to thc vriro in 
c;cactly thc same temperal SGqucncc, This-is acconplishcd v/ithin 32 minor 
cyclcs, If desired, as cach pulso is rocorded on thc -vvirc, tho corrospond- 
ing pulso may bc deletod from thc tanlc, but this is not ncccsssary in tlio 
particular arrangomont just doseribod.^ 

The method v/hich has just beon outlincd rcquiros tho magnctic wirc 
rocordor to accopt pulsos at tho rato of eno cvcry min or cyclo, or at a 
ruto of about 30,000 pulsos per sccond. Infornation from other laboratories 
indicatos tha.t such a devico might bo v/ithin thc ranges of possibility, 

Such speed is not oscontial, howovcr, cs cTmodification of thc plan dc- 
seribed, abovo allows rccording and reading te bc done c.t lovror pulsc ra.tos,. 
After cj:por incntivcion v.dth v/irc rccordcrs, it \vill bo possiblo to fix a 
pulso rato vdiich ca.n bc roliab ly securc-i vrithout 7U'otractcd dcvclopmcnt, 

As a Icv/cr limit te this pulsc rato, it iS hnov.n from tho charaeteristies 
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of coi.ir.icrc ial E'und rcc^rdcrr. uci.nr nugnotic ".viro tlv.t c. pulso ravo of 

5,000 pcr scsond iz o;'.Gily obtr.lncd. 

. To obtc-in :ipproxiDc.-toly this pulac rr.tc from a short nciuory to.nk, 
it is nocossr.ry only to provido for fivc "norce.!" rninor cyclcs e.fvv.;r cc.ch 
ciinpr cyclo v/hich e.d 70 .nccE or rotu.rds thc pulso pattern, The P pulses 

I 

would thon bo gatod vfith c. lainicuc sv)r.cing of Gix ninor Gyclcs, or 192 
cicroGccondG, so thr.t thc pulso rato to thc rccordcr v/culd bo just slightly 
greater than 5000 por second. 

4,2 READIMG INTC THE HIGH SFEED ilSl^ORI 

The process just deseribed is capablc of rovorsal, go as bo read 
froiri a slov^ pulso rato systca into a fast pulso rato systcr., provided thc 
slov/ pulso rato systoc is also accuratoly tinicd, But it is not practical 
to control tho speod '.nd position of tho v/iro accuratoly eneugh to synchro— 
nizo v/ith a cicrosocond clock. A S’/nchronizing Circuit, siinilar to soi.ic 
usod in thc ENLiC, avoids this problcc. Pulsos froc thc wirc are fed into 
a flip—flop v/hich acts as a tcnpcrary sterage device, Onco cach cinor 
cyclo, a pulse is appliod to a gatc controlled by this flii>-flop, If thc 
flip-flop is. set, a pulse is inserted into tho rtoinory tank, and tho flip- 
flop is rešet to av/ait tho nGxt pulse froc tho v»iro. In tho cinor cyclc in 
which this occurs, an extra dclay of 1 cicrosocond is introducod into thc 

t . 

tank rogoneration Circuit, so that a.11 pulsos prcviou5ly stereu in thc tank 
are "retarded ono plačo", 

Hcjvover, possiblo pulso positions vvhich aro biank cust bo allowod 
i‘or, If tho \virc spocd vrero acourat*ely controlled, thc abscncc of a pulso 
Could bo inforred by tiriing and a corresponding biank introducod into thc , 
woaory truik by using thc 1 niicrcsoccnd dolay. Nurabcrc reprosented in.tho 
oxco3s-thrcc binary dcciir.al codo alv/ays havc at Icast ene pulse present in 

‘ i r ; t i V 










cr.ch Groiž.p -f four. For ccrtr.in or'.u.r ccdc s ,. ljn;'cr ^^■l:rctch- 2 K of blr.nks 
i:.rc probc-blc. To cc-rr.-ctly sonso tho propcr nurob-r of blr.nks in such syi.i- 
bola, it Wwuld probably bc nocusr>ury to control tho tc.po spocd to -,vithin 

ono or two por cont. " :^ 

. This dii''j?iculty cr,n bc nvoidcd by tho sinvplo cxpcdiont cf actu- 

£illy rcccrding blanks cn thc v.'iro in scruc v/av. Tho nothod v-hich at prcscnt 
appoars siT.plc 3 t is to uso pulsos of opposito sign (rcvcrscd uo-gnctization) . 
whon blcaiks ero to bo indiceted. This also affords en oecy r;ay.of chcck- 
ing tho eporetion of tho recorders and readors, and of obtaining signals 
for a r^!U?h control of mro speod, if such control is desired. 


4.3 REr;SRSIBlLITY OF 7IRS DIRECTIOH ^ 

In tho mothod Just cxplainod for rccording and roading, tho pulcos 
in tho dolay line rior.v}ry unit vA.->ro "advr.ncod" in position by tonporc.rily 
rcEioving a 1 uicrosocond dclay line. 3y this moans, tho entiro pulsc pattern 
in thc nonory unit ^Yas .aado to pass in rcviev/ boforc tho -gatc. whcrc P was 

applicd. . . 

It is casily sc«',n that t-hc pulses uap* bc nado to pass in rcvicvv 

in roversod crdor-by insorting an cxtra oho nicrosocond dclay, instcad of 
ronoving ono, so that thc total dolay bcconcs 33 nicroscconds. If, us ing . 
this plan, tho wirc is run in tho surac direction as boforc, thc pulse pattern 
■on vfirc Y/ill bo roversod. But if thc wirc directicn is roversod, thon 
thc orig^-nal scqucncc of-the pulsc pattorn v/ill bo rostored. (V/hon thc wirc 
direction is roversod, elcctronic sv/itches interchange thc connections.to 
thc rece-rding and roading r.agnots, sincc th.oir functions are also roversod. 
That is, tho roading uagnot then serves-as tho rocording nagne'i;, and vico 
veroa. The sanc Controls which acccnplish this interchange v/ill also dotor- 
sinc v/hethor thc do lav .is ta bc 31 or 33 nrcrccoccnur. .) 
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^ Thus, exactly tho 3 a.e pulaa p;«ern can be put on tbo »iro fro. 
obcH U.C, bosanabesa or bbe diboction in .hicb tbo »ine ia bunnin,. 

* alMlan toohni,ue can be applied in thc readins of »gnotic pulsoa fbo. 
tbo .ire. The abiUt^ to neoord and read cobrectly independent of the , 

«iro direction is important. For one thing, it saTos the tune of rovindin.,. 
and »ahes a long »ire practicaUy the e,uivalent of a long loop, vdthout 
thc disadvantagcs of handling long loops. _ - 

U.k COI^ACTIJESS OF WIRE CR TAPE RECORDS ^ 

I„ pnevious sections, e^phasis has been placed upon tho spoed v,ath 
Phich infob^tion could be bead ob bccobded by »agnetic vibe ob tape dobbces. 
A fubtheb iinpobtant advantage in having bocobds in magnetio fobn 
this .edivi. is ughteb and ieas buihy pob unit of infob»atlon stobod than 
a„, Othob .odiun. The estib.ates „hich folid« abo based on us ing a hibe 
foub thousandths of an inch in dianoteb vhioh is appboxi^teiy «hat is use 

in commercial recorder:?. . , 

It ia expeoted that at least 100 pulses pab inch could be plače 

on auch a .ibe. This figube depends »ainly on the oonstbuction of the 

pole pieces and associated atbuctube, and not on »ibo speed. (The uibe 

speed must then be dibectly belated to the pulse bate, and fob 5000 pulses 

J c+ v,o fl-h lea^t 50 inches per second. Speeds 
per second the wire speed must be at lea^ 5 

of 7 ft. pab second abe co^on, and muoh higheb speeds abe possihle.) 

The i,^obn.tion becobded declnally on an SO colunn eabd is epuiva- 
lent to about 300 pulses, ob about 3 inches of uibe. Spools ahout A inches 
in diaraetob and ono inch uide abe used conmebciallj to hold about 12,0 
of »ibo, uhiohis bo»ghly tho e,uivalent of 50,000 eoopletely fillod cabds. 
This »ibO »eighs ahout l/2 Ib, and the teight of the spool is pbobably of 


the sanie order of magnitude. For various reaeons, the cards may have to 
be used inefficiently (only half filied, say).-while.this is not true of 
thvv vdre. Hence cases can arise vvhere this spool of mre is the equiVa¬ 
lent of 100,000 cards. The vroight and bulk of this niany cards is very 
large compared to the weight and bulk of the viire and spool. 

This is an important consideration for storage purposes, but it 
is also important in the v<ay if affects calculating and sorting operations. 
Handling 50,000 or 100,000 cards, and seeing that they are fed into and 
taken out of a card machine, is to be compared to placing several spools 
of vdre in magnetic devices which thereafter operate automatically. Cards 

may easily get shuffled out of their proper or-der, while the information 

• ' ... ' 

on the 'rtire is not subject to such accidents, 

4.5 SORTING AND COLLATING ' : . 

4.5,0 The Need for Sorting and Collating ' ■ 

Sorting and collating are not always thought of as computing opera- 
• tions. Nevertheless, there are’ numerous way3 in vjhich a need for these oper¬ 
ations may arise in the course of computing problems. Consequently, it is 
important to consider bow sorting and collating can be done 0 fficiently and 

at high speed. - 

It is a common notion that machines which employ cards are pecul- 

■iarly suited to this work—and that tape machines are inherently at a disad- 
vantage. This belief has been encouraged by the fact that commercially avail- 
able tape devices are much inferior to card machines for sorting and collating 
If during a computing problem certain sets of nurabors which are held 
in the high-specd mcmory must be sorted or collatod,. it is obvious that this 

should be done vdthin tho macliine if possible. There is, in fact, no ob- 
staclc to this, and it is relativcly simple to provide the Controls and in- 
struction code to take carc of such situations. It is cstimated that th e 




^ n T ^ :: - - ■■'J” ' 


-53— 


.T.v.r hii-^hcr thn.n tho"<; ncv; ■■"•. chiovorf c^ird mr\chin jS . 

-: -—r v . ^ _ 

Given thcit tho macriir.o is thus e^uippe-’! to do " intornal sorting" , 
and "intcrnal collating", it is tompting to thirilc that tho goncral problem 
htts boon solvod by tho oxrcdiont of transferring ali tapc information to tho 

• machino. doing tho job within tho high-speed clcctronic part, and then 
putting tho r® 3 ult 3 back onto tho tapc. This -solution" is. in facb, ciuito 
inadcquato for large sorting jobs, sincc tho momory capacity of tho olcctron- 
ic machino is nccossarily limitod.' v/hilo tho number of cards (ropresenting 
tho inoinory) v/hich may bo procossed by a card sortor is csscntially un- 
limitod. The magnetic wiro or topo is thc corrosnonding unlimitcd mernor-/ 

• for tho clcctronic machino, and' sorting and collating procoscos nus^ bo 
dovioed which will utilizc this mcmory without bcing restrietod in any 
way by tho limitations of tho intornal high-speod monory. 

'4.5.1 Tapo VersuE Card Sorting ... ‘ 

The csscncc of sorting caad collating is to tako information which 

• • , • • • • 

is arrangod in ono order (\vhich may bo random) and roarrango it in somo 

othor order. '«non thc information is punchcd’ into cards, 'tho information 
is "moved« from eno plačo to anothor by Vuoving thc. card v/hich carries that 
information. Vfnen napor tapo s-are usod, this not hod is no longcr foasiblo, 
and tho information itsolf must bo movod by perforating thc same Information 
into a novf tapo. Tho only inhorent disadvantago of this procccs is that 
tho old tapo may bo of no usc, so that in cach such transfer of information, 
paper is wastcd. A large numbor of transfors may havc to bc mado boforc 
tho sorting procese is complotcd, so that thc.v/astago is by no mcans onim- 
portant. Magnetic tapc or vire, on thc othor har.d, immcdiatc.ly ovorcomes 
this problem E inčo it can bc orasod and used for ne?; etorago .as often as 


mav bo desired. 
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The fact thet eortir.r^ i.s done .Viorc £lo'.rly vrith 2 --por tr.pc thun 
Vifith ca,rds has nothing to do '.vith thc fr-ct thcit ono niediuir, io '•convinuouo” 
whilc the other io "diocrotc", The problon ie sololy thot of hov/ fo-St tho 
informc.tion can bo "movod”. It so happicns thot commcrcial dcviccs us ing 
,papcr tapes rnovo tho tope intornittontly, rcuding it v/hilo at rest, o,nd 
then advar.cing it to the noxt reading pesition. Also, such tapos uGually 
havo only i''ivc or six channcls, v;hilc cc-J*d 2 havc 80 or 90 colurans. As 
brought out in Soction 2.9.2, paper tapa dcvicos of this sort havo an 
offoetivo rato of ono tneusand or moro pu^ses por second. The grčat snocd 
advantago of tho co-rd devico cver the- paper tapo devico oomos not from any 
inheront preportv of cards as opposed to tapos but from the fact that 
(a) card uachinos havo raany moro channols, and (b) card nachincc h..ve boon 

' Ci. 

dosignod vvith speod in mind, v/hilo’ thc papor ^tapo machinoc'havo bocn 
designed to work v/ith other cquipmont v/hich is alsc slov/ — for instanco, 
a serial typcv/ritcr, 

(Kuch highor spoeds aro knov/n to bo -possiblo in dcvicos v/hich 
read paper tapc 'photoolectrically. It is likcly that pcrfor:;ting spoeds 
could bo ineroased, but not to tho same cxtont. A singlc channol of a 
card punches holes at on approximate rovto of 30 por second, v/hilo a singlc 
channol of a paper tapo jaachinc ordinarily punches 5 hclos por second.) 

Sinco a nognetic wirc or tapc devico can, tlirough a singlc channol, 
roi-.d or rocord at loast 5000 pulcos per socoiia, infcriuaticn can ccrtainly 
bo inovod from one plačo to another at loast covoral timse fastor bj'’ these 
Kioans than by card machinos, in spite of the fact that tho lattor usc 80 or 
90 channols. Sincc tiiis is so, serting and colla.ting should bo done v/itli 
magnctic dcvicos rath>.r than v/ith card machinos. 


i: j 
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4,3.?. A Finr'.ry 3 ort Ing Devico 


The f.-F: o? .M.iO. 1= n,v>dO for rertins ^nd r.on..tlns 

„111 „UW bo deseribed. Tho Bbst olc.i.-„tc.ry sortir.,; ?ro=o=s 1= or.c in 
„hlch d Onslc cl.-,=. of ddbd is s:psrc.tod Into b„o slssscs. This nd,y bo 
osllod bir.sry sorslns. Tho corrosr^ndins iinrxy cOlstins spordtion is 
thbt -in v,hioi. t„.= ordopd oldssss srs noshod tesobhor to form r. slnglo 
crdsrod oloss. ..H moro oor„plioatsd essos of sorting or eollatins may bo 
porfcrmod by a so,oonoo of sach binary prooossos. (It mc.y bc notod that 
card maohinos U 3 uc.lly hr.vo blssry collators. but uso dooinal. or ovon 
t„olvo er thlrtcon-pookot sortors.) At loast thrao tapos or niros aro noodod 
1„ ordor to oarry oat thoso binary prcocsscs oaslly. >rithout rooourso te an- 

extcr.Givo c-dditional rr.cniory device. . • • 

• . Lot it bc supposod thr.t a single magnetie riro contains a sories 

of v/ords -v.-hich reprosont nujTbers, and that thoso nunibers are in r-.ndom 

. ordor. It is desirod to arrange thom in,-natura! order-. that is, in mono. 

Tf' ■'■eh runb-'- is spccified in terms of it.s binc.ry digits, 
tonic scqUGnco. If nuno... i r- 

• j. t"• ns successivo 

then thc first stop is to sort on chc unito t.i£.it. inat ^ 

^ fr-v th" ori-^innl vire, ali odd nurabors are to bo rocordod 
nuiribcrs are roc-.d frcu tn-- orit,in.-j. wj-* ♦ 

on ono „iro,‘ and ali oven nusbors on aneth-r. This is aooomullshod by 
passing the pulse trains from thc. reader through an oloc^ronic diociiumo.t 
oiroult whloh then gutos erxh «ord to the propor rocordlng statien, tho 
propor sate heins seleoted by tho prescnco er absenoo of a -ono- m tho 
unlts plačo of that „ord. At tho end of this cporatlcn. the original „iro 
„111 havo-boon orased (»nlcss thoro.is somo roason for prcservlng tho In¬ 
formation in its ori.glnal ordor for othor v;ork). Purth.r binary sortings 
aro nov; reguirod (on suooocsive digit posltlons) ,• and tv;o -clc-r uircs 
Bust, be avallabl... This oould bo arrangod by transfc-rrlus ali tho odd 

. _ ^ n !< -rno « r-.r^ **» ^ *■•?* S n 
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na^r.bcrs to ti-o cvon -^riro, or vico vcrcr., biit sach trcj-icfcr is w.'.stcful cf 
tino o.nd ccjn oo co;cidod by oroviliu^ Tour nr.^nctic v/ircs instcs.d. ox tiiioo. 

It ’^ill thoroforc bc ossuiriod thr.t foui' vriros' c.rc usod. 

Tho socoiid binc.ry corting procoss can thcn bc begun by rouding 
fron tho vrirc hr.ving odd nunibcrs, end diserininating on tho socond rothor 
thun tho units digit to det-rnino v/hich of tho tv,'o frcc tepeš v/ill rocoivo 
onch v/ord. Aft-r nll of tho odd nurabors hn.vc been clessificd in thi£ ’.vay, 
tho oven nurabors aro likovrisc classificd by thoir socond digios. Thoy circ 
rocordod on tho some tv;c v.’ircs , but s inčo thcy .foljovj nurabors, tho 

rosult of tho first serting has not beon lost. At tho end of this sorting 
proocss, thcrc wlll again bc tv;o v/ires "cioar", and sorting en tho "cliind 

digit can bo ccjricd cut in a sirailar nonnor. .Vords consisting of II binary 

% 

digits can thereforo bc arrangod in cionotonic’scqucncc by II binary sortings, 
and during cach such sorting thoso words aro traiisfcrrcd froru one v.'i.ro to 
anothor at tho rato of 5000 or'aorc pulsos por socond, . . , 

It is in opor at ione such as that just deseribod tnat <^hc practic-.l 
nccossity of bcing ablc to start and stop thc-wiro or tapc is kccnly fclt. 
V/crc ovory \riro to run continuously (oxccpt for rovorsal at tho end of oach 
binary sort) thcn oach binary sort wculd rcsult indoubling tho longth of 
v/irc needed to hold tho data. Te ^^'asto wiro in this •;/ay is undcsirablc, but 
of oven greater iinportancb is th- fact that thc tino rcquircd for ccaplcting 
cach sort is proportional to thc longth of vTiro vdiich has to bo fod through, 
whothcr that wiro is blraik or not, Furthcruorc, in casos vmero thc origi¬ 
nal data cccupiod on cntirc spo^-1 cf viro, thcn oven nore tirno v/ould bo 
vraetod bccauso nc,ny spouls of v/iro v.'Ould havo'to oo handlcd by thv operator 
boforc tho jcb v/as finishod. Hovever, tho sorvo devicoc to bo discussed in 
Soction 4,6 ovorcono such diffieulcios. ’>/hlchcvcr v/lro is iict bcing .»t 
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any noncnt V;t rcot, nnd no blnnk spnccs ..ccur. Tho tctnl lon-tn of ^Yiru 
,^i^d by,th^ d:;tn nftvr k blnnry Eortdi-jp oquc;l tu tao Icn^th uf »irc 


occupiuu cy,rn- a-.an >.vr j-, u l...... j- — i ■ 

oocupicd by tho d-rt.-- ib it= brlein--! forn. ' E-..cb MK.ry sorting thcrcforo 
tcdcos tho snmo lcni 3 ,th of tinc r.c rj:y other. 

4*5*3 Sorting Spccd 

■ It is ncrr possiblo to mt,ko sobic- rcmarks conccrnia.g tnc spocd vith 
which sortins nay bc done by nngnctic v/iro methods ^nd cenparo this with . 
card spoeds. As a consorvativc osti;nc.to. taka 5000 pulsos por socond fer 
tho rato at vdiich infornation is transferred by nagnotio dcvicos , arxd 
assunc that this figuro alrcady allov/s for tho acoclcra-cion and accclcr.-^ion 
tir.es.. (Tho Justification for this is in Section 4.6) Further assunc that 
a »full crxd« carries 80 dociml digits, that cach digit is cquivalont to 
four binary pulsos. toid that a card sorting nachino .vili handlo oight cards 
por socond. Thus informaticn is passed through a card sorter at about 2500 _ 
pulsos por sec-ind v/hoii tho cards are. cotiplctolV fillcd, Tnc bin-ry Sv.rt 
ing devico using nagnotic v.iro passos infornation at tvrice this spood, ^ 
but four binary sortings aro nccossary to cqu„l one decinal sorting. Honco 
in this čase tho singlc-channol ma-ictic sortor is cnly half as fast as 

tho 80-chajmcl card scrt-.,r. . . 

- This .oonpariscn is, ho^-ovč^r, biased in soveral In thc first 

plačo, a vcry conservativo figuro has beon used for thc raagnctic devico, 
odlilo thc card dcvic6 has beon fav-ored by assuiaing that thc cards wcra 
ccinplctcly fillcd. If tho cards vrorc- only half fillcd. and tnc nagnetle 
devico wor c opcrablc at-10.000 pulsos per socond, then tho nagnetlo iviro 

.^r tho oerd sorter. Further, this conp..rison 
sorter would bo tv-zico as rast xnc oaiu c.wi i-o.. 

■ has noglocted tlxo fact that thc nagnotic v;irc devico is •fully autonatic in 
operation. ivhcrcas thc vol-ano cf data ivhich ccin bo nlaced on one spod of 



wirc initsht roq[uirc 100,000 c:.rdo , c o that an operator \vould te kept busy 
ccvoral hourr, attending te tho card aorter. Furthcrnorc, if sorting is to 
bo carried out on nvoro thrji eno cord column, or decinal digit, n grčat 
doal more card handling is nccossary. This not only takes tauc, but intro- 
duocs tho possibility of crrors on tho- part of tho operater. Pinally, 
if tho rcquircd sorting is in fact binary rathor than decinal (as for 
instanco, in sorting out ali cards ’.vith an X punch in a certain colunn) an 
additienal faetor of four favors tho magnetic devico. 

Taking into acccunt tho considorations of tho preceding paragraph, 
it appears rcasonablc to statc that thcrc v/culd bc vcry fevf if any sorting 

problonis 'irhich cculd bc done as fast on tho card machino as on tho nagnetle- 

wirc devico. Por ali sorting problons involving a Irj-go volunc of data, 
thc card machinc wculd probably bo Blo’.vor bocauso of tho tino lost in 
nanual nanipulations, and would ccrtainly bc slowor vshon tho cai^ds \irc.rc not 
fillod or noarly fillod, or vdion binary or non-decinal sorting v/as sufficient 

Although in most cases considcrably loss than thc total capacity 
of a card is neoded to rccord ali of thc information which is to bc sorted 
as a unit, problcns do ai'iso in which thc capacity of a singlc card is 
insufficient If nore conplicatcd coding systčns aro used to onablc nore 
information to bc put on tho samo ccjrd, nov/ sorting difficultios usually 
aro introduced. On tho other hand, if two cards aro used instead of one 
to obtain thc neoded capacity, tho sorting aiid handling problem is doubled. 

In contrast to this, no conplications or nev/ procedures are introduced in 
tho magnetic v/ire sorting mothod by lengthcning tho inforr-iation gr^ups, 

Tho only result of having largor "units" of information to sort is to 
Ic-ngthcn thc sorting time in propertiou, Thus ca.5os :.-.ay oceur for v/hich 
thc carrying of 3 lightly noro information thrcugh thc sorter v;ill doublo 
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tho ccird sorting tii:'c but hardl-v affoct thc v/irc sorting time. 

4,5.4 SyGtcivi'.tic Sorting 

In tho prcvious soctions, tho natcrial to bo sertod was assumed 
to bo in randon ordor. Sorting nachinos ero often us.-;.d for procossing 
systcinatic data. A sinplo oxcnplo v/ould bo tho trcJisposition of a "cn- . 
oyni.iotrical matrix. A moro complicatod oxanplc occurs in tho numcrical 
solution of pc^tial differontial c^uations vrith throc indopondent variablcs— 
say, two spaoo variablcs and one tirno variablo. Tho calculations for tho 

nosh-point (x,y,t + At) denand infornation concorning not only tho pro- 

% 

vious rcsults for point (x.y,t) but also tho.spatial noighbors of this, 
ouch as (x +Ax, y +^y. t) and (x -Ax. y - Ay. t), otd. If tho internal 
cicciory capacity of tho computing machino is' not largo cn-'Ugh to retaiu ali 
such prior data for jnany nosh-pointe, thon thc oxtornal magnetic v.'iro mono- 
ry must store this infornation. The various quantitios v;hich aro noeded 
for calculating tho solution at (x,y. t + At) will originally havo beon 
recorded on quito different parts of tho wirc, but in soao systcinatic v/ay, 

A systomatic rearrangoment, or sorting, niay ho dcsirablc in ordor to 
asscmblo thc quantitics nooded for thc ncxt step. Ho^evor, it v/ill usually 
bo foand that with proper usc of four input-output dcviccš, thcrc -.vili bo 
no neod to roarrange thc material on tho wires, But if, for any reason, 
such rearrangoment must' bo done, it can bo done nore quickly and automat- 
ically us ing vrir c than us ing c.ards, 

4,5,5 Collating 

Tho dovice deseribed in Scction 4,5,2 as a binary serter can 
Tunction also as a binary collator. Ono output wiro can rocord Information 
v/hich has boon sclcctcd frem ono or thc other of t;vo input v/iros according 
to any do si red plan. A systcr.iatic collation night rcquiro that N vwrds oo 
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takon fr..n ono input. tho M fron tho cthor. thcn N fro. tho first, and so 
forth. Thorc is obviouslv no difficulty in doing this. Ofton, hov/ovor, 
a nonotonic collation is no^^dcd. In this caso. oach input tapo contains 
data in uonotonic sc^ucnco, and it is dcsircd to "nosh« thoso to form a 
singlc nonotonic scqucnca in tho output, Each group of t/ords to bo tran 
fcrrod as a unit contains a «kcy v/ord« according to '//liich thc various units 
cu-c ordcrcd. Tho collatcr nust conparc thc kcy words from tho tvo inputs 
and dotorninc v;hich of the two -onits of input data is to bc rccordod nGXt 
on tho output v/iro. A conparins Circuit (soc Scction 7.6.6) is ablc. v.-ith- 
ih one or tvre minor cyclcs, to dotorninc v/hich of two nunbors is thc Ic-u-gor, 
This time is ncgligiblc rclativc to tho tirno rcquirud fer reading or rocord- 

ing ono vrord en a v/iro, 

Honco =ny sort of oolUting. systaaatU or Konotonio, ocji lo ^ 

oorriod on nt tho spocd nith -Aioh tho nngnotio wiro dovioc ocj. tronsfor 
infornotion, thr.t is. c.t o rr.tc of 5.000 or po=sihly 10,000 pnlsos por 
sooond. Or.rd oollo.tin£ ic.chinos r.ro not ncnrly os rapid os oord sorting 
Do.ohinos. Koroover, thoy ero l)inory nhilo sortlng Do.chinos hovo os nany 
os 4irtcon pockots. In corrporinB sorting spoods. four hinory runs on tho 
nognotio firo devico v;oro needed to oooouplish'v,het is done nith ono rnn 
on tho oerd nachlnos, hut in oosiparlng oolleting spohds, ono run on tho 
negnoiio »iro dovicp ecocupllshos oxectly tho seno thing es ono run en tho 
oerd colletor. It thoroforo epporxs thet. teking into ecoount only tho 
reto et »hioh inforn,etion is trensferred. tho negnotic niro colletor nust 
to et loest fivo tinos festor thrui thc c.-xd colletor. If tho cerds ero In- 
,oo,:,plotoly fillod, or if tho vrtro devico cen bo dovolppod to »crk et noro 
then 5000 pulsos por sooond, tho 'spocd retio night boco:oo ten or tv;onty. 
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Tho dj.r.cuss.ion of fiortirir-: r.nd colhitini:; speodc .pivan in Ihe 

, ■ . r, . - v ., v., .-- i'"'■•• i-bb rl-:‘Viotj.c .vire dcviccs 

vnriouE subE.nic of o.o, -.-o o.o.. 0:1 ...-f- 1 . 

to handlo volumes of data. vdiioh far excecd tho hi£ch-Epc('d nicraorv capacitj^ 
of tho ZDVAC itoolf. It Ehould ho cuphusizcd asain that, v/hon tho datc. to 
bo sort od or collLitod osiot 0 iVciroly -irithia this liigh-spc^d ncmory, ^non 

much highor ratos aro obtainable. ’ - _ 

4,6 SEF.VO COMTROL FOR id-iGNZTIC RECORDIdG 

Tlio ncod Tor r:.pldly str.rtins -nd stoppln' nr-gnotic ».'iro or 

to-po w-s 'orcught oa<; in Sootion 4.5.S. Althougli dovicco for do^n.. thi 
h-vc not to f=r toon dovolopod, tinoo conr.orcinl sound rocording doot not 
dculrc this. sorto notors c.ro ne, o-otolno-tlo .Ith sultfolo porforcnncc . 
chnrnotcristlcs for-this purposo. It is cxpcotcd thnt n snr.ll noter. . 

.ith irigh tor.uo.inortio rntio. ..,111 .o osod to dri« th-t part oi tho niro 

v,hloh is passing through tho rcocrding, reading. .-rod orasing positlons. 

■ , , . Vo—rt rto ronid rosnoncc, crji thon drivc 

Other serve nocors, whiCA nooa not <-o 

tho spools in such a v»y as to no.lntain approxinatoly tho dosirahlo anount 

of •slaoh*. It is ostinatod that tho tino rcquircd to oi mg tho ..irc fr 

J ’ • U4. Vrt .--rtrt nr- two r’illicccond3 or oven 
zoro -spoci to rocording speed might bo one or tv^ 

Icss* • 

4.-; TTPZmiTZRS 

- , Auxillar.y dovicos nast ho provid.=d for proparing tho na^n.tio 
rooords V,hl 0 h are to oporato tho EDVAO. and for autonatioallp prinfing 
or tpping tho output data Aich tho EDV.lc'rooords on nagnotl.o ,,iro or topo, 
Aatonatlc typcwrltms aro now conoocrciallp obtainable nhioh nlll sorially 
typo 12 to 18 oharaotors por socond and thoso oould bo ad.-.ftcd so .... to 
road fron nagnotic ■.,irc.s or ta-poo. ilighor t:/pin-; n.tos ..rv noi. 
bymatiplo c-rnip^ont, as l.n tho gang printing basinoss uachino tabulatora 
nhloh, -aorhing fron oards. print 80 to 100 oharaotors slnaltar.oously, .-.nd 
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d<J this TTiOr^i "th-in onco a socond. If c^uipiiicnt is “o bc nulbiplic-d by 
ticirr.ll^l cp ;.rr.^i.':n, hc.vcvcr, it appviars raorc rc!:.5on‘.blc to uso c. nunbcr oi 
scrial typov/ritcr.s, oach oporating froci itc o^vn scfir.l \viro or t,apo, rathcr 
than dovolop c. cor.pl icatod sinjjlc gang printing dovicc. This aalccs tho 
output typoT/rit&r moro liko thc input tjrpovritor, too, sinco tho input 
v/ritcr is r!icnually opcratod and niust of nocossxty bo a sorial dovicci 

It is plc-nncd that thc input typcv/r itor sliould havo. a kcybcard 
sonovhat sinilar to tho usual ofi'‘icd typowritor, and vrould tj,pc on papor at 
tho sarp.c tir.c that it rccords nagnctically. Ccrtain coaing cporations 
v;ould bo pcrforacd by thc typoY/riter. The operator weuld tyi.o nurabers in 

tho dcciitial systcia, but tho tv-po^vriter YTOuld rooord theso on tho v/iro in a -- 

pulso eode using fcur binr.ry digits for cach docinai digit, (Soc Section 
6.2‘)* Various lotters on thc tj?pcv/ritor koyboard v/ould rcco3*d theso in 

•V-' . 

BOJjic binary oodo upon thc v/irc# ?ossibly an iilphabctic codo c:in bo 

w *i * 

vidod, to bc cailed into operation by thc typcvi.Titor shift koy. : * 

Bouring in laind thc figuros givon in Scctiin 4,6 rolativc to start- 

i 

ing and stopping thc v;iro, it is ovident that cach. pulso group corresponding 

to a singlo dccinial digit Cfuinot bc placcd en thc -iTirc diroctly unlcss tho. 

■vviro is "backod up" bctwoon koy cporations, (Blanlc spacos en tho v/iro not 

only wasto v/irc, but incrcaso tho tLr.o rc^uirod later to read off tho infor- 
mation.) Althcugh this .modo of operation is possiblc v/ith sorvo Controls, 
an alternativo is suggostcd. The various snall pulso groups corresponding to 
■tho individual digit or ordor koys nGy bo "asscmbled" in on auxiliary nicraory, 
oithor on Q ma-nctic Icop or disk, or in an acoustic tank, V/hon a v;ord is 
complctcd, or porhaps a set of v/ords, thc ontiro pulso pattern thus storod 
c.an bc rocorded on tho magnetic wiro, Tho v/irc has te bc started and stopped 

only onco for cach \vord, or loss often, and thc tivr.o and vriro spacc rociuircd 

to do this is no longcr important. ■ • ’ 
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Slailarly, thc automrAic typ<nvritpr to ptoduco printed material 
from data on magnet ic v/ir o .hculd have an auxiliary momory. either magnotic. 
or acoustic. so that the wire nay te read in units no smaller than a v/ord. 

^put typins can be checksd by visually proofreading the paper 
copy which the input typev;Titer produces. but a more satisfactory method 
vTill probably bc to have two tvpists and let each one type the some data. 
Then tho EDV.iC can be used to compare automaticaliy tho tv/o magnet ic v/ires . 
and note ali diacrcpancics. Such errors v/ould be recordod on an EDVAC 
output v/ire, fed into an output type^7riter. and a tj^ped list of the errors 
to bo corrocted vvould then bo availablo.. ' • •’ . 
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PART 5 BRISF DE3CRIPTI0N OF EDVAC COiJ^OlJENTS 
5.0 GEHERAL STRUCTURE OF TrlE EDVAC 

Iho diooussion of Part 2 has alroady indicatod nany of tho 
charaotorUtlos v*lch tlio EBVAO rtculd havo. It should to olootrcnic and . 
disltal. and oporato soriallv. It shauld havo a largo nonory oapaolty. 
any part of vAioh oan bo usod for tho storago of program Information or 
numbors, Inoluding functior. tablos. A oontral oomputlng davioo mast 
havo iamiodiato or almost inmodiato aocoss to any part of tho momory. 

Oontrol circults to diroct tho oomputlng procoss must havo slmilar aocoss 
to tho nomory. Kagnotic wiro or tapo dovicos v,lll provldo for input and 

output. 

' A bricf doscription of tho principal corrpononts will now ho 

givon. Tho namhor of such componcnts, and suEgostod crrangenonts, ato to 
ho found in part 7. which proscnts tentativo plcj^s for tho EDVAC. 

5.1 DELAY LIKE liEIiiORT DEVICES (TANKS) 

The hasic rcauircment of a largo capacity, high-spccd ncraor/ 
mot ty tho uso of many acoustio tank units. Tho cporation of a tank has 
alroady boon dosorihcd in Part 3. Phpsicallp. oach acaustic dolay lino ivill 
probably conslst of a tubo of r.orcury, ono sauaro inch or loss in cross- 
soction, »ith <iuarts plocooloctrio orjstals at oach ond. Ali such units 






will bc mounbcd v/itliin tho stimo thcrnicil chumber for com:r.oii temperaturo 
control, For a nino digit dooimal numbor, at nicrosocond pulse rates, each 
short tank v/ill bo about two inches long, Tho long tanks miglit bc as much 
as six foot long, Kovrovor, if this longth is inconvenient, it is possiblo 
to "fold" tho tanks by uso of rcfloction so that a long tank v/ill rcquirc 
only threo foot, 

5.2 ELECTRONIC SbTITCHZS ■ 

If 64 long mGmory tanl:s aro usod, a 64 position sv^itch v/ill bc 
noodod to connect a particular ono of theso tanks to tho transmission trunk. 
A similar sv/itch (or possibly tv.-o sv/itches) vrill bc noodod to connect tho 
short- tanks to tho tr-ansmission trunlc. This sv/itch must havc 64 positions 
and must bo ablo to change from one position to another and open tho oorros- 
ponding gateo in tho spaco bcfcvccn tvvo numbers or orders, Such sv;itchos 
can bc built to oporato in ubcut ono microsecond. In tho abovo-discussion 
tho spacc botv.’ocn numbers v/as given as two microsteonds, g’iving a safety 
faetor or two. • ^^ ^ - 

A switch of this typc is illustratod in Figuro 7, It consists of 
a rosistancc matrix with thrce 'doublc entries to tho table and cight out- 
pUbS. Tho prcscncc or aosonco of oach of thrce pulcos is dotcetod by'this 
arrangomont and ono of tho eiglit outputs is enorgized, 

The STiVitch for tho long tanks v/ould not noccssarily havc to 
opor ate in ono microsecond but s inčo tv/o such fast s-.vitchcs must bc built 
porhaps tho third ohould bo identical to thosc both for conctruction and 
waintcnancc roasons, 

The controllor v.’ill probablv contain a 32 position sv/itch which 
choosos tho 'oporabion to bo performod. 
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5,3 C0L5>UTER- • , 

* V i/-- •' — 

The Computer ie to perform tho operr.tions of c(iditicn, r.ubtrcction, 
multiplicc.tion evnd division. In tho čase of thc binary code ohc Computer 
nir-y perform s^uarc rooting with vcry littlc c.ddcd cquiprflcnt; on tho otner— 
hand, in tho codod dccimal systom tho procoss of souaro rooting ic much 
more compl icated, Anothor oporation vdiich nust bo porformod is th<.i.t of 
coniparison • The procoss of comparison consists of tvro parts; 

first, tv/o numbers are to bo subtraeted; and sccond, dopending upon thc 
sign of thc rcsult tho ED'/-iC is to do one of "zvio things, thao is, it iia 
to obcy one ’.Ycrd of inctruction or anothor. Tho subtraetion part of tnis 
procoss Y/ill cortainly bo done in thc computor but i.'hcro >.hc act cf chooi>ing 
tho noxt order tal:os plačo is open to ouostion. Tho computor v^ill bo 
discussod in dotail in Scction 7,6. ' * 


5,‘4 COIfTROLLER , . \ 

Tho controllor v/ill roccivc thc orders or v;ords of instruction 
(frora oithor long or short tanks) and then v/ill' co.usc thc EDVAC to carry 
out that particular instruction. It will oonsist of a sv/itch v/hich choosos 
tho operation to bo porformed (depending upon tho order) and \Till signal 
othor sv/itchos to operate and v.'hat positions to choosc (dctcrniinod by 
othor parts of tho order v/ord, soc Scction 6.2). 

5,5 i./\GiIETIC IHPUT aID CTJTPUT DEVICES 

The input and cutput dcvicos will road data. from nagnetle tapes 
and print rcsults back onto othor nagnetle tapc-s, Ilunbers v/ill bo ropro- 
sontod by pulsos (nagnetle pulscs) on thcsc tapes. A codod dcciraal cyotcn 
v;ill.bc usod on thc tapc rcgardloss of v/hich (codod or binary) is UvSed in thc 
EDVAC prop'-r, bocausc this loadš to sinplification of tho typcv/ritor dovicoc. 


f f » < * 


n J 


■i s; • 


fj 


l! * 1 * A v- 
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Rot only thc pcrtin^;nt nuinbors but c.lčic bil in;:truoticns to thc wi11 

bo CiutCTnc.tiocilly rcc.d into thc nociiiuo frcni thcso t— 

Thorc \vill bc scvoral t-po roading mochcnisas. Each v/ill huvo a 
rcading nir.gnot, a cloaring nagnct, cnd a rccord ing'magnet. That is, cach 
unit can cither read from tho -vire, er rccord on thc v/iro, and can clcar, 
Fos 3 ibly, thosc units v/ill bo designed alv/ays to clcar tho '//irc and if it 
is desired to kcep a rccord on tho v/iro, tho recerding i.v..gn>^t ./ill bo f^d 
from* tho read ing magnet, so that thc v;iro v/ill rcccivo tho camo data afcor 
■passing thc cloaring magnet. An incidental propcrty of this arrangement 
is that thc doterioraticnof records because of ropcated uso is imposoiblc. 

' The numbor of tapes shruld bo at Icast fenur. This would cnablo 
sorting to bo done on thc tapes thomsclvcs, as deseribed in ooc, 4.5. 

This roport v/ill assumo that tlicrc are to bo four tapes. 


5.6 OSCILLOSCCPE FOR GRAFHIC^i CUTPUT ’ . 

An oscilloscopc and cireuits v/ill bc provided '//hich v/ill cnaclc 
tho operator to soo tho rcsult of tho coiaputaticns, This prccoss c.js 
concist in part of looking-at thc'numbers stored in some to.nlcs. Of mere 
importanec will bo cireuits v/hich,v/ill cnablo threo dimcnsic-nal vcocors 
to bo projoeted on tho scrcon, tho threo cemponents bcing reprosented res- 
poctivcly by horizontal and vertical displaocment ojid by intonsity. In 
this manner tho approicimato ansv/cr to thc problem can bo scen v/hcth.r it 
consists cf a curvo or a surfaco or something clsc. This picturo can chrjigc 
as tho comput/ition procoods. If dosirablo thcso ciroui-s bs^ ..rr-ngod 

.to shav tv/o dimensional sectienr. or projectiens of a threo dinensional 
figuro. 
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ViVZTC ic! .''. g^uintion of v/horc- to cittr.ch thlc unit, v/hothcr to thc 
gcnorci.1 trc.nr:'.;ic3i~n truuks or to cl.issify it oc r. short tr.nk, Anothcr 
quostion is: Should thoro bo- throc chr.nnols for tho thrco conipononts of tho 
vcctor input or should thc thrco compononts como in scirinlly ovcr tho 
sorac chunncl? 

5.7 PaVSR SUP?LIE3 ' . 

- ' • Vory littlc cm bc said about dcsigning tho powcr supplios until , 

docisicns havc bc-ou rcr.chcd about thc rest of tho maohinc, Sinco it ia , 

ostimated that thoro will bc abc-ut 2,000 tubes in tho v/holo EDVAC thc 
quostion cf tho pov/cr supply for tho EDVAC iš trivial compared to that for 
thc ENIAC. Furthcrraorc, sinco aluost ali cireuits v/ill bo a-c couplcd ^ 
vcry fev/ voltagc Icvels will bc noo ;cd and t’A'o or thrco pcwcr supplios 
will‘ sufficc. ..* a 

5.8 AUXILIARY DEVICES ' , - .-■ 

Tho i.iost inportaht auxiliarios to tho EDVAC proper aro tho noans 
for preparing nagnetle vrirc or tapo records by typing froa a nanuseript, and 
tho F.cans for typing tabulcitions er othor output data uutor.iatically froin nag— 
notic rocerds, Thcsc are dcscrlbcd in Soction 4,7, A singlc input or 
output typc’wVTitor v/ill probably not sufficc if full uso is 'lad-o of tho EDVaC 
C0;.'puting capacity, Tho optinun nur.bor vrill, of courso, depend on thc typo 
of prcbloas v/hich prcdoi;iinat- 3 . Sinco thcsc dcviccs are soparatc unit.s, addi— 
tional onos nay bo buiit as rcauircd, j, š 'i U h ' ■ r 

^ * h r> 'J ,'# • I L Ji f» t I: 

ts si 0 ^ V "■ | 

; ' : testing dovicoc v/ill clIso bc reg^uired fer Service end n\aln— * ; | 

tcnanco* As in tho cuso of tho ENIaC, thcsc can bo dccignccl bettor aftor tno | 

‘ • I 

ti 

EDVAC has been oonstrueted, ^ " | 

Anothcr auxiliary '»»diich ■r.iriy ultinatcly bo found uscful, but which j 

is n.ot includod in tlio present piano, is a vn^nctio wirc binary sortor-collator | 

v/Iiich can functicn indo-pcntlontly of tho EDV^.C. Snoh an auxiliary v;ould bo ^ | 

ablo to rolievo tho EDVAC cf large sort ing and collating pr obl o as , but v/ould | 

not ho justifiod unloss tho Z.DVjiC wcro fully oceupied v/ith conputational 1 

' '-tV' 


■ li' 

ih 


h'it 


v;: 
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P..RT 6 MUi.l3RR ;3D ORDER CODE3; 

6.0 GSMERAL COIISIDERATIOMS 

As indicated in section 2.9.4 the efficiency of the number and 

order code is a major consideration in designing the machine. That is, 
the ease vdth which a problem may be arranged for computation and the 
desired instructions placed on magnetic wire or tape is a very important 

factor in the design of the EDVAC. 

The choice of operations v/hich are to be represented in the code 

should be in accordance with the discussion in 2.9.A. Furthermore, the 
code symbol 3 used should be chosen in accordance with the follo’^iing prin- 

ciples; 

(a) That ali the symbols used should be letters or numbers appear- 
ing on a standard typevjriter. If this is so .then anyone anyplace (v»ho 
knows hov/) can encode a problem and send the instructions to the plače, 

•v/here the machine is located. There, a >'typist'« can transcribe the coded 
problem onto the magnetic ’«ire or tape and the problem can be put on the 

machine with a minimum of time and effort. 

(b) That, where possible, the letters denoting some operation be 

chosen from those which are naturally associated v/ith the operation; for 
example, “A" for ”add". 

, (c) That the symbols used should not require excessive use^ of,^tha, . 

shift key in the. process of encoding a problem. 

6.1 LENGTHS OF V/ORDS AND NUIIBERS 

The lengths of major and minor cycles (see 3.3) depends upon.the 

order and number codes used, as v/ell as upon the raothods used in the Com¬ 
puter. 

■ If a binary system is used, a ninč digit number can be represented 







- 7 ; 


by 3a puls« (tMs givea po^sibl. numbors). 1». more pulees aro 
needod. one to donote the sign and ono to distinguish the number from an 
ordor («ord ot in;truetion). Allov,ins two pulse times betv,eon »ords this 
gives 36 pulsc ttaes or 36 mieroseoonds as tho longth of a minor cycle. 

In a coded decimal systom tour pulsos are necessary to ropro- 

eent each dlgit (aotuaUy combinations ol four pnlses oan reprosont 16 dlf- 
forent things so there is a laok oi emcie„cy bere); Thus, a nine dagat 
nnmber reouiros 36 puises. Four more pulsos mako a minor cyole W pulse 

tinies or UO microseconds long. 

The length of a major cycle is not subjeot to as dofanate a 

deoision as that of a adnor cyclo.' By methods to bo o^plainod belo;,, 

multipllcations (using a coded deoi»l eystem) can be arranged »hich tako 

threo minor cycles per digit for nine dlgit »Itiplloation plus 2 minor 

cyoles Tor prellmlnaries. Thus, under thls sj-stem it uould scem that a 

■ major cyole should be at least this long, and possibly 30 minor cyeles. 

Dlvision, on the othor hand, vdll take (under a similaa- 3ystem to be 

oxplained belou) sia; minor cyoles per plačo plus. certain prelimnary 

' 1 -.e TViii*; for nine pls.ce division t,he 

steps taking say, four minor cycles. Thus, for nun p 

time is about 53 minor =yolos. Sinoe it is eacpocted-that division uiU 

not occur fre,uently. in most prohloms (or at loast the oper.ator can 

o-f "there seems "to be no 

arrangc for this by using reciprocals, et cetera;, 

great harm in the fact that a division lasts more than one major oycle. 
The major oyole should not last too long, on the other hand, sinoe time 
. «uld then. be »asted in getting partieular numbers or orders out of long 
tanks into short tarics. Thus for a ooded deoiml •system it soems that 
the leng tanks should be somoehat more than 30 ^nor =ycles long. For 
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tho purpcse of this discussion let us suppose'they are 32 minor cycles 
long. Thus, one long tank vdll hold 32 nunbers or orders. 

In the binary system a laultiplication or division each take about 
33 minor cycles (if performed in completely serial fashion). Thus, in this 
čase the long tanks should be slightly longer, say 34 or 35 minor cycles. 
Another factor involved here is that lengthening the long tanks increases 
the inemory capacity of the machine vdth relatively small increase of cost. 
Thus, there is a conflict between longer tubes for more mem.ory and shorter 
tubes for better access to numbers and orders. 

6.2 CODED DECIlvIAL SISTEMS' . 

The following table gives two possibilities for coded decimal 

systems. f ^ 


Digit 


TABLE 2 - 

• - \ 

Zero Gode Excess three 

. d “ ' . Gode 


0 

1 

2 

J 

3 

4 

5 


0000 

.0001 

0010 

0011 

0100 

0101 


OOU 

0100 

0101 

0110 

oni 

1000 


6 

7 

8 

9 

'unused 


ono 
oni 
1000 
1001 ■ 


1001 


, vnoio 

'i- 

'p'4 ^ ^ . ion 


1 t ■ 

1 


noo 


1010 

1011 

1100 

1101 

1110 

1111 


1101 

1110 

nii 

0000 

0001 

0010 
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A prinvary rcauirement (for sorting pvirposes) of such a cede is 
monotoneity. Both of the above codes have this property, in fact, if one 
is added to any number (in a binary manner) the next number is obtained. 

An important property that the excess three code has and the 
other does not is the ease of taking ca-nplements. _ Any complement with 
respect to nlne can be obtained by interchanging ones and zeros m the 
code, that is. pu^ses are replaced by blanks and blanks by pulses, 

The advantage of the excess three code comes with the considera- 
tion of addition. If digits are added to digits in binary fashion the 
ansv^er may turn out to be one of the unused synibols. In this čase the 
code representing the answer has an excess of six instead of three. On 
the other hand,.if there were a carry over beyond the fourth -plače (that 
is, the sum of the two numbers ;vere more than 9), the resulting digit 
would have no excess and three shall be added to it. An adder has been 
designed v;hich takes čare of ali these details (see Fig. 6). 
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6.3 THo CRDZ?. COZZ . , - . __ - • 

At this Tioint, the generp.l GCheiae nov/ conten.plo.ted for the order 
oode be outlined. As a practioal nattcr, questions concerning v/hat 

should bo included, and v/hat should not be included, in the system of orders 
deponds upon hov/ nany long tanks and hov/ niany short tonks are availablo, 
what tiir.e durations aro expected for various op-erations, and tho iniportance 
of thoBo various operations in calculating* Tho decision as, to hov/ riiany 
oulsos nakc up ono v/ord also has a direct effect on the order codc, by 
livaiting tho inforuation v/hich nay bo put v/ithin ono order. . 

• Pulso co.ies for ordcrs Kili be takcn up in Scction 7.3 in oon- 

junction v/ith ccrtain specific suggcstions as to sv/itching and control 
nethods, The typo of ordors v/hich are considored dcsirablo, and v/hich such 
pulso codoa ought to bo capablo of jreprosenting, o-ro given i.n tho list 
bolov/. This plan for ordors is esscntially that v/hich von Nounann has pro- 
posod aftor trying out various coding nothods on typical problens. Kis 
notationi and an cquivalcnt ono which usos only ordinary typov/ritcr syr.ibols 
(in accordanco with Soction 6.0) aro given in parallol colmuns. 





Codc S^TTibols 'Hccinin^^ 

(voh Noa^arjin) (Sus^o^-tcd) 

g: 2 -- -- Dcnoteš a long tank 

X- X ' ‘ Dcnotos a short tank 

^ t Transfer to 

0> u To bc rcplaccd by 


ztxn Transfer r consccutivc nnnibcrs in tank z 

into the tanks x, x+l, x+2, •••> x+r-l, 

' ■ . ; - . - if this cxhaustc tank z then movc on to 



"“V"-' ' 

' tank z + 1 ' ' 

X ^ ^ / r 

xtzn 

- ' Transfer' r consocutivo nunbers stored in 
" short tanks x, x+l, .. 4 ,'x+r-l, into thc 
- “ tank z and if nocc5sary into tank z+1. 

c z - ‘ - 

ztp ": 

"• Conricct 'contrcl to long, tank z * 

0 ^ X 

xtp 

Conncct control to shoit tanks x. 

xi w . 

» 


■ Sond tho nunbers in short tanks x^ and X 2 to 
thc ceraputor and porforn tho oporation 
(soc bclovf). , 

^ / r 

txn 

Transfer tho "ncxt'' r ivords into short tank 

X 1 X"^ lf«««9X + r«—1« 

z / r 

tzn 

Transfer thc noxt r quantitics into tank z« 

0 ^ X 

qtx 

Disposc of thc conputcr rcsult to short tank x. 



■ . Tho operations donoted by v/ are 

+ 

£»■■ 

Additicn 

OT» 

• 

m 

Subtraction p >»— j. -r r« « •» , . 

»■ n:*, M** i* ij 

f’ ^^ r' ;i •• * v ■ 

Multiplication i ' :r'r'. ^ 

• 

■ ■ d- ■ 

•Divio ion 

S 

c 

Comparc (dctorninc which of tv;o nurfoers is 
larscr, and nakc sonc choicc of crdors to 
- - - bo corried out, depehding on tho cutccr.io) 


r 

Squarc root (pos;;ibly this cpcraticn v;ill not 
bo includod in thc funucr.iontal one abovc, but 
v/ill bo a snbroutino stored in tho nor.ory) 
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Von Nour.icnr. h",s Gpccifiod that sonc ordor s^nr.bols bo cc.pablo of 
nodificuticn by riolcting r. givcn p:.rt of thc-. crdor c.nd inscrting sonothing 
olso in plir.cc of this purt. This cdlo^s for thc substitution roforrcd to 
in Scction 2.5,4, so thnt function toblcs no.y bo usod, subroutinos callcd 


in, oto. 


Scvoral ncccssojrv 5ynibolG aro nlcsing fron thc abovc list; thoso 


orc conccrnod ’,vith ordcring tho input and output doviccs to opcratc, 

Fron oxauination of thc abovc list in conncction \Yith particular 
pulsc ccdo possibilitics, it appcars that thc dcsignaticn of an opcration 
(cxolusivo of dosignating x and s nunbcrs) v/ill rc^uirc soloction fron 
noro than 16 but Icss than 32 possibilitics. Thus cnly 5 pulscs would bo 
nccossary to nako such a soloction# ... 


PART 7 TEilTATIVS PlbdlS FOR THE EDVAC 
7.0 mSER AlJD ARRAIIGEHEIJT 0? COi^OIIESITS 

A tontativo plan for thc EDVAC is illustratcd in Fig. 3. As 
rcprcGcnted on this dravfing tho n.achine consists of tho units listod in 
Tablo 3. 

Anothcr possible arrangcnont is Fig. 4, thc intcrcsting fcaturc 

/ 

of which is tho fact that ali tho units are on torninals of thc switchos 
v/hich chooso thc nci.iory tanks. In contrast to thoso plans thc nachino 
could consist of 64 long trnks, 32 short tanks, and tho various other 
units ali connoeted to a trunk sy3tcn and thc ncccssary isolat.ion provided 
by a nunber of gatc tubes. 
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^ ^ ': : , ■ -* ? ‘' , ■ -/^"i r . .‘^‘Z d 

'■•^'^ M H« u , Lt A, ..^'' ^ ti Ča 4^ 1^ »-^9 

Tu.blo 3 


Lict of 

conponcnt parts of 

tho SDVAC and tubo roquirc!r.ontc 

• 

Muinbor of 

■' 


Estinated 

units 

Ncjuo 

Purpose 

of. vncuun 

64 

Long nonory tanks 

To store nunbors and orders 

650 


32 

Shiort r.cmory tanks 

To store in an ascossible 
nonnor nuiabcrs and orders 

350 

4 

VTiro or tapo 
reoorders 

Por input and cutput cf 
nunbors and orders 

150 

1 

Otcilloscopc 

Por visual indication of 
rosults cf thc conputations 

50 

1 

Ct*nputor 

Por porferning the harith- 
nctical eporations 

125 

1 . 

Control 
(and sv/itch) 

Por reading thc orders and 
causing tho othor uiiits to 
perforn properly 

• 

• 

150 

1 

PoY/or supply (and 
failurc protoetion) 

To supply pov/cr 

25 

3 

Eloctronic sv.'itchos 
(64 pes it ion; 2 

To connoet thc various units 
to one another 

100 


lin and cut" and 1 , ,, , ’. 

“out") and trunk 
lino ar.iplificrs 

■ \ 

:. K Total 1600 


If bnilt-in chccking, thcn dcublo thc conputor 

and control and add 50 ' ... 325 

■ Total ' 1925 



• i «» 

M a 




n 

• r 

t 


nunbor 

tubos 
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The naubor;: of tho veriouc kinda of units listed abovc havc boen 
arrivod at by ccnsiclcrinf_ a fev/ of tho problcras v/hich tho nachino is ox— 
pcctod te- solve, If tho long tanks are 30 ninor cyclcs (or vrords) long tho 
operater has on tap hero onco oach major cyclc cver 1800 v/ords, Coabining 
this \vith tho alnost unlimitcd mcnory cnpacity of tho magnetic tapo (oven 
though tho nunbora arc not availablo hero so quickly) it sc-oms that vory 
fov/ problema vnll oKcced this capacity, ' 

The short tanks aro provided so as te havc numbers availablc each 
minor cycle. Also, they are convoniont in sorting problons* In. an o^ciiple 
vorked out by von Neumann (a problem which consists of "meshing" in a mono- 
tono mannor tirvo monotone seouonces) some 25 short tanks are nceded to store 
ali tho pertinent instructions of tho process, v/hile about 32 more are 
neoded to be ablc to shift numbers from one long tank into another which 
may already contain some numbors, That is, the numbers aro first placcd 
into small tanks then at tho proper time they aro transfered into somo\ 
othor long tank. The transfer directly from ono long tank to another is 
not desirablo becauso of tho difforcnco in phasc 'v/hich v/ould nccessitato 
tho leaving of spacos (as many as 29 spacos), • ^ 

By us ing about tv/o moro minor cyclbs per sort ing stop tho in¬ 
structions can bc tcmporarily stored in a long tank and ali t}ic short tanks 
usod in tho shifting process, Thus, only as many short tanks as therc aro _ 
oinor cyclos in a major cyclc aro ncccssary, 

Tho number of magnotic tapes is perhaps more subjcct to rovision 
than some of tho other numbers given abovo, Pour soems to bc .tho miniraum 
humber in order bo be ablc to do sorting on the tapes thcmsclArcs, In fact, 
it might bo found vcry convoniont to havo at Icast a fifth tapo. 
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7.1 e3tii.:ate o? tube Rii:-;uiiia;ziT3 *• . • . 

Tablo 3 gives an cstinuto of tho imnibor of tubos rcquircd to 
build tho SDVAG, Table 1 givos a conparison bctwccn thc numbor of tubes 
usod in tho EDVAC and thc nunber used in thc ElilAC. Tho smallor nunibcr of 
tubes rGquircd for thc EDVAC laoans that: (l) it is casior to construct, 

(2) it is oasicr to tnain-cain, (3) thc prcblcni cf ventilation is much siraplcr 
( 4 ) thc cest of povvcr for oporation is Ic-ss^ niid (s) thc machino takos up 
less floor spacc. . , 

Assuning tho uso of standard sizc radio tubos it is prcbablo that 
tho EDVAC will occupy a spaco of less than 180 cubic fcot, This could bc 
orrangod to bc a spaco tv/o fcet by olovon fcot by about cight .fcot high, 
Allo'ffing roan for accoss to tho v/iring and tho mcmory tubos as vvcll as to 
tho nagnetic to.pc racehanisTns thc floor spaco hocossary for tho EDVAC v/ould 
bo, say, oight foot by fiftc-cn foot. v 

, , If Bisall sizo vacuura tubos v/crc used, thc abovo cstiinatos of thc 
spaco r-oquircd could bc roducod cons idcrably, , . ‘ 

Tho 325 tubos listed (in Tablo 3) for checking purposes v/ould bo 
used as follov/s: 275 of thoso v/ould bo used to duplicatc thc contrel and 
Computer units; thc cxtra 50 tubc’s v/ould bc usod to cor.parc tho rosults of 
tho tv/o coraouters and to cocipcrc thc tv/o interpretations of oach order 
Sivon by tho tv/o control units. If thc rosults or tho interpretations did 
not agroc thc machino would stop and givo a signal to_attract tho attention 


of tho operator, /m oscilloscopo could then bo used ;as an aid in finding 


tho troublo. 



c, \ . ‘ • 

■>:/> (i 'v; 1 ] L' 


“"S ^r' r^_ •►i -/-v: n 1^ y 

■: i; :■ f; ') 
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7.8 .SUGGESTED S7ITCH CONIIECTICuS ■ . ^ 

Table <L ;jivas a posaiblo arrari^craent of tho con.acctioni> tiio 

switchos for tho sot up illustratod in Fig. 4, (Plan B), 


Tablo 4 




;03tod Switch 

Conncctions 


No. 

Terminal 

Gode 

(In and Out) 

S 2 (l^i 

S 3 (Out only 

0 

000000 

Control 

Control 

— 

1 

000001 

Tank 1 

Tank 1 

Tank 1 

• ji • 

« » » • 

• « « • 

• • • • 

• • • * 

32 

100000 

Tank 32 

Tank 32 

'Tank 32 

33 

100001 

Tank 33 

■ Tapo 1 

' ‘ Tape 1 

34 

100010 

■' Tamle 34 

Tape 2 

' Tapo 2 

35 

100011 

Tank 35 

Tapo 3 

Tapo 3 

36 

100100 

Tank 36 

Tapo 4 

Tapo 4 

37 

100101 

Tank 37 

Oscilloscopc 

— 

38 

100110 

Tank 38 

. 



63 111111 Computer 


In tho casc of tho arrangement illustrr.tod in Fig. 3 (Plan A), tho 
diffcrenco in conncctions is as follo'^s; Terminal 0 (eode: OOOOOO) on ali 

sv/itchos goas to tanks 0, and terminal 63 (llllll) on gocs to long tank 

C /js^ r\ n r"s* 9 r«?-. p* f\ ^ P n n 

7,3 PULSS CODE FOH ORDERS 

Just v;hat cireuits are in tho controllino unit deponds upon v/hat 
arrangemont is used. V/ith that illustratcd in Fig. 4-tho controlling unit 
can bc rulativclv simplo as will bo shovm bclow. In tho caso of Fig. 3 it 
sooms bost to havo a 33 position olcctronip sv;itch in tho controlling unit 
ivhich chooses tho particular operation to bc porformod. '..Vlicthcr ali 32 






po:3i-i;ion:j '.vili tj used is Goinev.dv.t dcubttiil, bat uore th:.n 16 '.vili corts.j.nly 

bo needed. Thšru -^-ill te dif.forcncc 'in tTP^ of order colo used in^^tho 
tvro cr,scG. The frllcviU;; tr.cle ;..ivcc o cede liso ena the -puls.. r-^pres^no..- 

tions in the tyfo systcT:.s, 


TABLE 5 Order Godce 
Plen A 


=lanB 


von Neumann* J3 Alternate Pulse 
Gode Gode Gode 


Gode 


Sviitches 
and Gates* 


Pulse 

Gode 


z -> X / r 

ztxn 

COOOl 

Sl S 2 [5j 

X ■* z / r 

xt2n 

00010 

Sl S2 [ll 

G *♦ X 

xtp 

00011 

S 3 [73 s.' 

G -> z 

ztp 

00100 

siB, 

0 •» X 

ltx 



■) X / r 

txn • 



z / r 

tzn 



^1 + ^2 

X 2 a X 2 

00101 

S 2 SjBEl 

^• 1-^2 

x^ s X 2 

00110 

II 

Xi . X 2 

X-^ lA X 2 

oom 

II 

*1 /x 2 

Xi d X 2 

01000 

n 

X 1 S x .2 

Xi c X 2 

01001 

tl 

(Roading) 

ftzn 

01010 

Sl S 2 (Tl 

(Recording) 

ztfn 

01011 

Sl e 2 ca 

(Vievfing^Scope) ztvn 

ouoo 

Sl S 2 S 

Gates not 

listed in this table must be closed. 

the two cases considered above viill 

novi be given. 



Plan A 

1 00001 

00110 

000011 000111 

0000001 

( 1 ) ( 2 ) 

(3) 

(4) (5) 

(6) 


Switches 
and Gates**^ 

Sl S2 m 
Sl S3 [li 
Sl S 3 [Tl 
. Sl S2 [H 




Sl S2 S3[I] 


Sl S2 fTi 

Sl S3 [O 

Sl S 3 im 


Total pulses ta 30 


. (1) .The first pulse denotes that this word is an order and not 


a number, Numbers vjould start v<ith a blank. 




(2; Reiervr.nj tc ':he above table, this is the codvs for -crans 

ferring fro^ii a 3.ong taiik to a short tank. 

(3) Thr.o oimibol aeter.nines vohat word is picked cut of the tank 

chosen by svdtch 

(4) This ie the instruction for tha setting of svfitch Sj^. The 

ntunhers here range frcj. 0 to 63« ^ 

(5) This denotes the setting of the svoitch 52«. 

(6) This number is r. In either a binary or decinal coded 
system the voords voould be long enough to make this number larger than the 
128 allovoed in the above order. 

The above order viould cause viord number 6 in long tank 3 to be 
transfered to short tank 7« 


Plan B 

1 000001 000011 000110 001001 001 000 Total pulses s 31 

( 1 ) ( 2 ) (3) (4) (5) ( 6 ) (7) 

Here the various groups of pulses cause the follovving operations. 

(1) Order distinction. 

. (2) Setting of switch S 3 _. 

' (3) Word chosen from long tank, or vvith one more pulse in the 

čase of arithmetical operations this can determine the disposal. 

(4) Determines the setting of svvitch S 2 . 

(5) Determines the setting of svvitch S^. 

■ (6) Determines the arithmetical operation to be performed by 

the Computer. 

(7) These pulses take čare of certain othcr details, such as 
vvhethcr the tapes run forvvard or backvvard, ctc. 


• i-. c.-, t-- +’'i- n'j-Ah.-.r r has not bacn indicated. ^ar.veo o., r 

up to 128 v,ou'.a ro.?.irf. tovor, more pvlves tmci »ould £al:e ‘le cod.e -.■ord 
about 33 lors rnic-b ro-nistent 'c.-.tn tha l£.t:.g-b of b.- 

in tho codad .lec,i;.nv syvoe.<. Thus, thie oode in n Utt.le iong tor ■•.n, i,- 

. the binai'y 37 Ste.*n. .^uro than ru^.- „^. 1.0 

• ,..*** I 3^01*11^. A’3cLii A Sinco tn-5 

From here cn Vi - discussion vi^^.L caat.a„ a. cuna 

oode in more e«ioient and there in ponnio,,- v.ore freedom in the une o,- che 

unitn. on the other hand the denign of cene tuo in someuhat nimpler nince 

the contrcl unit only han to route the groupn of pulnes to the proper plane 

instead of choosing from 32 possibilities. - —- 

7.it CONTROL 

With the code of Plan k the controlling unit must contain a 32 
ponition nuitch which choonee the transfer or arithaetioal operation to be 
performed. The order denignation aUo»n the order to get into the control- 
' ing unit. The firnt flve digit codo caunen the oontrol nuitoh to net up. 

The grcup »hleh indicatel the »ord to bo chosen from a long tank munt be 
uned to caune th^l^if the order to ciroulate in a short tarl< (prcbably 
looated in the control itnelf) the proper number of timen bsfore the 
s^Nitches etc., ara set up. 

One ponnible nolution for determining the proper number of timen 
' of nuch circulation in to have a binary adder looated in the control -cit 
»hich adds -1 to the »ord number once each circulation. The svdtching 
proccss can be arranged to take plače whon thls nunber reaches 
porhapn at the time of tho firnt overdraft (that in, «hen the number bc- 

comes -1 itsolf). 

. This binarv adder uill nerve another purpeno. In oane of tr.ann- 
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fering r n-oF.bers the last parts of the order must circulat-e until the 
proper viord (or space, depending upon the direction of transfer) is 
avaiiable at the long tank. . Then the svdtch must connect to that 
tank and remain 'connected for r miner cjrcles (or possibl 7 change to the 
next long tank if the first one is exhausted) and the short tank switch 
must change from tank to tank (that is, it must change over a sequence x, 

X - 1, X -t- 2, •..., X + r-1). This changing can be accomplished by the 
adder adding 1 to the nT:^ber of the short tank one each circulation and 
adding -1 to the number r. Then the process can be terminated when r- 
becomes zero (or again the code can be adjusted so there is an overdraft 

to determine the end of the process. : •' 

Frequently the machine must combine 'tvjo different words, usually 

a number and a '.vord of instruction vdih blanks in it, to form another word 
of instruction.' This can be done by having a gate arrangement operated by 
a flip-flop (v/hich can change in between pulses) v/hich choose parts of the 
tvjo viords vjhich are Corning in on t’.vo channels - (see gates 8 anci 9, Fig. 3). 
The necessity of combining order vjords occurs in function table processes. 
Suppose the values of some function are stored in a long tank, or say, 
several long tanks. Let the argument correspond to the number s of the tanks 
and the v/ord positions in the respective tanks. Usually the argument will 
be the result of a series of computations and thus wili be stored in some 
short tank, say. In another short tank there must be stored an order to 
transfer from‘long to short tanks. Vihether there are blanks or not in this 
>«ord for the number of the long tank and the word position seems immateidal. 
Bj' the type of device deseribed above the control can be conneeted to the 
tv»o short tanks and the order to' transfer fed into the control. At the 
proper inr.tant the connection can be changed from one channel to the other 






and the Ione tank nunber and word position read out into control. If 
three order words are to be combined the process can be carried out in 
two steps. The result of the first corabination could be circulated through 
the short tank in control and then fed back into the cosbining unit along 

vjith the third vjord to participate in the combination. 

It is clear from the above deseription that there is need for 
various timing devices to operate in ccnnection with the circuits of the 
controlling unit. These can be fed frem a central oscillator or clock 
which causes ali the units to operate in synchronism and controlled by 
various gating arrangements. Some problems of this type can be solved by 
a judicious use of delay Unes. Since the design of the controlling unit 
has not as yet reached a stable State the discussion of theSe details will 
be saved until some later time. 

7.5 DELAY LINE i/IELJORI CIRCUITS r _ 

Figure 1 of part 3 gave a simplified block diagram of a delay 
line raemory. Fig. 5 is a more detailed version of the circuits (shovang 
input and output gates) associated with a long or a short tank. Pulsos 
from the central timing clock-are fed in through the gate C. From here 
they go to a tube F vihich will drive the delay line., Probably the Circuit 
of the tube F v;ill be that of a blocked oscillator. This Circuit has the 
advantage that a relatively vieak signal viill drive it and since the input 
is through a transforraer a positive or negative signal can be used to turn 
the tube on, 

The output of the tank feeds through a three stage amplifier (A) 

• « 

and a pulse former (vjhich produces a broad pulse to overlap the next clock 
pulse arriving at C) to gates G, 0]_, and O 2 . Gate G is noi’mally open and 
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allovis the pulses to circulate around the inemory tank. 

V/hen sviitch or $2 is connected to this tank the gates I and 
are opened allo^lng data stored in the tank to come out and nev» data to 
go in through gate 1. In this čase the buffer B causes the gate G to close 
preventing the circulation of the data and hence insiiring that any incoming 
data is not superimposed upon any that is already in the tank. 

In the čase of short tanks the output of the pulse former goes 
out to gate O 2 for a second output. Under the arrangement illustrated in 
Fig. 5 data can be read out through sviitch and the Information not be 
cleared from the tank. On the other hand, if S 2 (or in the čase of long 
tanks) is used to read information out then the information will be cleared 
as vi.ell, unless recirculated through an external gate. (Gates 10 or 11 in 
Fig. 3, and gates 4 and 5 in Fig. 4) 

7.6 THE COUPUTER ^ v ' / • ' • ; , , - , ‘ 

7.6.0 The Computer 

The Computer required for the coded deciraal system is considerably 
more complicated than that required for the binary system. On the other 
hand if one adds to the equipment of the binary Computer that required to 
convert from the decimal to the binary system on the input and output (also 
probably on the line to the oscilloscope) the araount of equipment is prob- 
ably coii^arable« , ^ ;T , * . ; ' • 

7«6,1 The Binary Adder 

Drawing PY-2-101 gives a v/iring diagram of a binary adder. The 
^>•'0 inputs are labeled A and B. If no pulse arrives on either line nothing 
is transmitted, If a pulse arrives on one of the lines it is transmitted 
through tubes 14, 17, and 2?. If a pulse. arrives on both inputs simultan- 
«ou3iy it is transmitted through tube 5 blocking gates 3 and 4. this carry- 


















- 93 - • 



ovor pulcG vjil.l bo prop' 3 rxy .<lG3.3j'cd snd s-ddcd 3.nto thG n6xt digit by tubso 
17, 18, and 19. If this lends to a second carry over, the signal comes 
from gate 19 and goes back through tube 11, ' 

7.6.2 The Coded Decimal Adder 

The follo\ving coded decin^il adder has been designed to work with 
the excess three code described in Table 3« A simplified block diagram 
appears in Fig. 6. This adder consists essentially of two binary adders” 
operating in series. The addition is actually performed in the zero (binary) 
code rather than the excess three code. If a^ and b^ represent digits in 
the excess three code then the sum vfill be a number co or depending upon 
vihether there v,'as a carry or not. Thus to get the proper ansv/er, c^j 
either ■v3 or -3 must be added to the result. This is the reason for the 
second binary adder. There is a four pulse counter vjhich very probably 
■Hill. be a three pulse delay lino which is fed by a pulse at the boginning • 
of each digit, The first two outputs furnish the pulses 0011 thro\igh the 
43 gate to be combined 'with the result from the. first adder. The last 
.two give the combination 1101 which represents —3* To operate these plus 
and minus three circuits the fourth carry over comes out to a flip-flop as 
viell as going to the first pulse of the next digit, This flip—flop is re¬ 
šet every digit by the four pulse,counter.. The fourth output pulse of 
the counter goes to the second binary adder to suppress the fourth carry 
over. It is estimated that the coded decimal adder described here will 
use about 35 tubes. 

7.6.3 Negative Numbers 

There are a number of v;ays of handling negative numbers. It is 
intended that negative numbers are to be printod in truo (not complementary) 

form on the tapcs, to simplify the typcv;riters. 

,-rf ,-v M V''l a-.. ■ ) !? 
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Negative niVTibcrs can bo used in true fom 'throughout thc machinc 
provided tho Computer is furnished v;ith a subtraeting Circuit, In contrast 
to this, negative nurabers can be' complemented (v/ith rcspect to eithor 10^ 
or 10^-1J here serial operation inakes it difficult to provide the correc- 
tion pulse to give ccmplements with respeot to IC’^) then the regular adder 
cireuits can take čare of subti-action tt‘ith adCtitional cireuits to take 

čare of the sign. . 

A tentative decision is that for purposes of addition ali negative 

numbers are complemented vfith respect to 10^-1 as they enter the adder. ihe 
ansvier is then "uncomplemented” if need be and the proper sign proVided. In 
čase of multiplication and division the numbers are'multiplied or divided as 
positive numbers and then the propei* sign is provided for the anSiver. 

7 . 6.4 Mu3.tiplication 

To attain speed in multiplication t*.vo short memory tanks in the 
Computer are used to store the multiplicand and four times the multiplicand. 
This storage can be accomplished in two addition times i/vhich (since the 
numbers are positive) can be tv/o minor cyclcs. Thcreafter the digits of 
the multiplier are fod into the Computer whero they activate an electronic 
sviitch vihich decades what combinations of thc multiplicand and four times 
the multiplicand to use. In this manner, multiplication by any digit can 
be done in not more than three addition times. If subtraetions take t/fo 
minor cycles each the high speed multiplication deseribed here v/ould re^nire 
a third short tank to store the complement of the multiplicand v/ith respect 
to Ic/' (this is required since multiplication by the digit 7 requires 4 
times the multiplicand tv/ice and subtraeting the multiplicand once). 
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7 . 6.5 Division . . . 

The eificient v.’ay of doing division consists of storing in the 

two auxiliary tcrJcs ons and three times the di-v"sor.. Then division at any 
particular plače coneists of subtracting three times the divisor unxil 
overdraft and then adding on one tiiaes the divisor nntil another overdraft 
occurs. In this manner, division at any one plače cannot take more than 
six operations of addition or subtraction. _ Since the numerator can be 
treated as a positive numerator the additions can be done in a minor cycle 
cach. Furthermore, if three times the divisor can be prepared as the com- 
plement of the true number with respect to lO” the subtractions reduce to 
additions of positive numbers (with the last carry over igndred except to 
indicate overdraft) and can each be done in a .minor cycle. 

7*6,6 Comparing 

In many computing problems, the instructions will at some time 
depend upon certain numerical results already obtained. The ability to 
modify instructions, or choose a particular subsequent routino from tvio 
or more possible routines, is necessary if tho EDVAC is not to be seriously 

limited in flexibility and generality. . 

In giving the instruction to compare tivo numbers, the operator 

will specify, implicitly or explicitly, where the control unit is to find 
the next viord of instruction, in accordance v;ith the outeorae of this com- 
parison. The two numbers will be subtraeted, and the sign of the differ- 
encc vjill be used to choose betvveen tvfo alternatives. A reasonable vvay 
of specifying the alternatives is to have the controller continue in nor¬ 
mal fashion if the result is positive, but to specify explicitly v;here the 
next order word is to be found if the result is negative. Ihat is, 
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positive diffcrence, the next order is to be in the -ivord im/nediately fol- 
loviing the vjord which ordered the comparison. • 

The conparing operation therefore makes use of the Computer to 
subtract two numbers, and then, if the difference is negative, s^itches the 
input of the controllersto whatever position is designated by the comparison 
order. - 


7*6.7 The Decimal Point 

A great burden is placed upon the person v;ho codes an intricate 
computing problem if he has to estiraate the magnitudes of the numbers 
which Vlili arise in the course of computation. If ali numbers in the 
machine must fall betvisen -1 and -1, and can have no more than 9 decimal 
digits, say, then an operator viho can estimate the sizes of tha various 
numbers which viill be encountered in his viork to viithin a faetor of 100 
can (except in subtraetions) be sure of about 6 significant-figuresj if 
he tries to get more, he rims the risk of producing numbers having the 
magnitudes greater than unity, which the machine viill not handle properly. 

This difficulty can be relieved in either of two viays—one can 
simply provide more significant figure capacity, vihich the operator can 
throvi av/ay by less careful planning, or one can add an "cxponential" system 
to keep track of poviers of 10 (or 2), and cause ali numbers to be registered 
to the same number of significant digits, This latter solution is more 
«fficient from the point of view of efficient use of the memory capacity, 

^'it has the disadvantage of complicating the Computer, especially in addi- 
tion and subtraetion. This system is sometimes referred to as the "floating 
^l-Jcimai point'». * ’ 

The floating docimal point is cossidurod so udvantagGOue from the 
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Vould "bo juctifiod* However, for a first machine, the development and 
design ivork must be considered as v/ell as the amount of epuipment, and 
in view of this it appears vjiser, ih making tentative plans, to deve;lop 
first a "fixed decimal point” machine. 

’ '• . PART 8 RELIABILITI AND CKECKING - ” 

8.0 CHARACTER OF FAILURES ’ ' 

- Before any reasonable discussion of checking can be undertaken, 

it is necessarjr to consider the reliability of the devices being checked. 

No amount or complication of checking apparatus is of much use if tlie . 
device being checked is likely to fail often, so that a large percentage 
of the time is spent in experimentally discovering faults by extreni3ly 
thorough checking procedures. On the other hand, there is less and less 
need for checking as the reliabiiity of compoticnts is increasdd. Conponent 
failures can never be prevented entirely, hovibver, and in digital computing 
systems almost any component failure mav vitiate the results. Ti.erefore, 
although each component may have an exceedingly low rate of failure, it is 
unlikely that a computing machine containing many such components vdll fail 
so seldom as to make checking devices unnecessary. 

Checking devices detect rather than prevent failures, But they^ too 
are subject to failure, so that it raight secm th?.t there is no end to checking 
The aim of a checking device is not, however, to detect every failure, but to 
reduce the probability of having an undeteeted failure to some extreraely small 
value which is deemed tolerable. Unfortunately, it is rather difficult to com 
pare or design checking systeins because good statistical data on failure char- 
aeteristies are available for cnly a fe« of the components and systems to be 
compared. The difficulties are enhanced by the fact that engineering prač- 
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tiče is poorly staiidardized in some ficlds and techniquGS, and reliability 
may vary vddely in spite of the siniilarity of the basic components and methods 

eraployed. ; 

In an electronic Computer, it is worthwhile attempting, first of 

ali, to improve the reUability of the vacuum tubes vjhich are used as com¬ 
ponents. However, at present it is not considered feasible to have special 
tubes solely to gain reliability. As a matter of fact, commercial vacuum 
tubes vjhich are in high production are more likely to be reliable than special 
tubes produced in small quantities. Rigorous testing and inspection is a 
better v,ay to improve reliability. Operation of the tubes «ith currents and 
voltages vihich are well under the manufacturer's ratings also will improve 
lifetime and consequently reliability. There is, hoi-vever, no large body 
of experimental data available on the reliability of tubes used under such 
. conditions. This is one of the difficulties already referred to.. pnally, 
a great deal niay be done in designing the circuits which use these tubes 
so that reliability is improved. Methods of construction, and methods of 

testing the complete assembly, must be such as to facilitate quick repairs 

C} 

when-a fault has occurred. 

Checking methods may be devised vihich do more than indicate the 
existence of a fault~they raay, in. fact, be designed to help locaOJ^ the 
failure and thus be an aid in servicing the ms-chine. To vjhat extent this 
can be done cannot be considered at this time, but possibilities of this 
sort Vlili certainly govern final decisions as to what checking methods are 

employed. . • : i 

It is convenient to classify failures into t;vo broad classes: 

(l) Lasting failures, vihich render the apparatus inoperative 
until the fault is corrected, and’ 
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Ti-rin^O-ono Tciilures, Tor v;hich the apparatno passes back and 
forth, aL intervala, between an operative State and an in- 
operative State. These are sometimes referred to as "inter- 
mittents”. 


Type 2 faults are of chief concern, because of the dimculty of detecting 
and locating such faults. Also, ijf such faults'are not detected inniediately, 
there is no way of knowing how many calc\aations have been spoiled. This 
type of fault becomes more insidious as the »failure interval" is decreased, 
because no appreciable time is allo’-ved to ikke a test, even assuming that 
a method existž for teiling -.vhen the fault occurs. 

computing machines, relays have been preferred to vac- 
• uum tubes very largely because relays have a relatively high reliability 

v 

and considerable is known about their failure characteristics. Type 1 
faults are extremely improbable for relays, Consequently, about 8 ^% of 
relay faults are of type 2, whichare even more luidesirable, In order to 
meet this probleni, checking circuits have been included in some relay 
machines to insure that no operation can proceed unless the immeaiately 
prior operation has been checked. This check'is based on a system in which 
a fLxed number of relays must ar,vays operate, no raatter vjhat operation is 
being done. Such a checking Circuit not only notičes the failures, but 
localizes them.^ Such techniques have been most widGly applied in automatic 
telephone exchange equipnient. 

. In electronic computing machines reliability is increased by. 
using the tubes as svvitches (or on-off devices). Most of the failures can 
be traced to defective tubes, and these failures are usually type 1, Then 
It is necessary only to detect that such a failure has occurred, and the 
location of the fault can be discovered by more ordiiiary means. A ehcck- 
ing 5ystem analogous to that just described for relay 3 is more difficult' 






to provide vdth vacuujri tube^ becauso of their lindted munber of terninals. 

The question of reliabilitv has not received as much attention 
in electronic equipment as it has in relay-equipraent for several reasona. 
Vacuum tubes have had a shorter developraent period, and for many of their 
uses reliability has not been a significant factor, For instance, low cost , 
is considered more important for home radios, Keretofore, no machines using 
vacuum tubes in large numbers has existed to focus attention on. roliability» 

Certain general characteristics of vacuum tube failurcs are v^orth 
noting. If a number of tubes are put into Service, and ali these tubes 
have already passed certain short period tests (vjhich may raject 5 or 10% 
of the original lot), then most of the failures for some thousands of hours 
■vvill be type 1, and most of these type 1 failures will occur during the 
first few hours of use. The failure rate after these first hours becomes 
low and remains low for a long time. Ultimately, as the tubes age, their 
cathode emission falls off to the point where •they vjould no longer pass 
the original test, This gradual decrease in output is likely,to cause' 
type 2 failures, since a weak, borderline signal may sometimes be effective 
and at other times not, A .checking system which has a high probability of 

detecting such situations may be used, or the liklihood of this type of 

/ 

failure can be reduced by periodically removing ali tubes and subjecting 
them to an ’‘external" test. An intermediate possibility also exists; it 
may be possible to design the cireuits so that, by altering certain supply , 
voltages, tubes ivhich are approaching this borderline operation vvill fail 
to operate. Thus, potential type 2 failures are forced into becoraing aetjal 
type 1 failures. This is, in effect, a way of testing the tubes v»ithout 
removing them frem the machine, 

'Since typc 2 failures in relay machines are usually the result 
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of dirt mo;r.entar'ily fouling thc contacts^ ther? is nc comj^arable procedure 


for relay machines. 

Power supply failure is of little iruportance to relay nachines, 
since there is usually but one supply and the failure vdll probably be 
evident either because it is type 1 or because nany relays will be affected 
by a type 2 failure. A vacuum tube machine like the EDVAC vjill have several 
power supplies and if an extrernely short-pericd transient should affect 
any one, errors may be produced. Such a transient might be of exuernal 
origin and occur very infrequently; hence the occurrence of every such 
transient aust be noted. It is not difficult to monitor the varicus sup¬ 
plies, ho’.vever, since there are ■only a fevj of them. By comparatively 
si^mple ocuipment, ali abbcrrations in the powcr supplies iMhich might cause 
troublc can be detected. The checking Circuit vihich does this is inde- 
pcndcnt of ali other checking devices, and faults arising from the power 


supplies are thus localized. • . 

8.1 TYPES A^ro LEVELS OF CHECKING , 

It is convenient, in discussing checking methods and devices, 

to use the follovdng terminology: 

Repeat checking - the same operation is repeated vdth the same 

equipment 

Multiple checking — the same operation is done vdth tv/o or more 

separate pieces of equipment of identical con- 
struction . . ' ‘ ' 


Inverse checking — one operation is checked by performing an in— 

verse operation, the result of v/mch is compared 
v/it h the original data on which the first oper¬ 
ation was performed • 



Identity checking 


t\vo equivalent methods of doing the same oper¬ 
ation are craployed, and the results compared. 
The tv/o operaticns niay use ontirely different 
cnuipment, or the sa/r.e couipment in different 


v)ays. 
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Smoothness chcckinr’ 


- s^^oot^-ness of a c-.^rios of valuoc is cri- 
tcricn (usuaily t3sted by exa:ninaticn of 
sone ordor of highor differences) 


, , , . _ rheck^n" vjhich is carried out in accordance 

programmed cheoking - instruotion prders (at the 

control of the operator) 


. Built-in čhecking 


- checking which is not at the discretion 
of the operator, and vJhich is always done 
by the machJLne viir^hout instrucoion 


u rheckin" v-hich «ill detect any single 

Continuous checking - cnecKino 

fault no maoter v/hen it occurs. 

Intermlttent checking - if3uch°fauS^ 

f occur at specific times (sample checi<ing) 

It is also convenient to speak of various "levels" of checking. 

At the lc»est levol, every pulse in the ..e.ory .aight be checked, .hile at 

the highest level, an entire problct rdght be multiple checked by having 

t« KDVAC machinea and comparing the proble«-. Solutions ■v,hich- they turn 

out. ' Both of these nethods are undaLy expensive, s...nce it is eipecte 
that other checking nethods »ill insure adequate reliability vdth lesa . 

pgnipmnnt than these re^uire. . 

8.2 CONTIIIUOUS VEESUS INTEK.IITTEiJT CHECKINC- 

. Continuous checking is eiiiployed in the relay machines already 

mentioned. An equivalent nethod in the EDVAC menory »ould require that 
a method he introduced »hich »ould dlstinguish betvvean a sero digit (no 
pulse) and a failure <which glves no pulse). This could be done by,aslng 
pulses of opposite sign to reprose.nt tero digits, or by using tvjo pulse 
positions for each birary digit, and requiring that at le.-..t one p 
appear but novor tv.o for a given digit. Eithor nethod »ould require co.n- 
• sidcrablj' .nore electronic oq.iipn.ont, and the seoond »ould cut the speed 
of the oachinc and nocessitata longer tanka (.mless men.ory capacitj-»ere 
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to be sacrificcd). Continuous checkin^ is noce 2 bar’y .for relay mach^nes, 
hovvever, because of the peculiarity of the type 2 failures to which they 
are subject. A particle of dust may preverit closure of a contact during 
one operation, and on the very next operation the contact may close pro- 
perly. Behavior of this sort is not typicai of vacuum tubes; those type 
2 failures which might occur by reason of borderline operation can be 
guarded against by the raethods suggestedln Section 8.0. • In general, 
intermittent checking is a reasonable method for vacuum tubes, but a 
poor method for relays. ; . ■ 

8.3 CHECKING IN SERIAL LIACHINES . - 

Serial operation has been advocated for the EDVAC because by 

this method less squipment is necessary. This has, of course, an obvious 
correlation v/itb reliability. Since the. failure of any coraponent may be 
counted as a failure for the whole machine, the probability of machine-. 
‘failure is reduced vjheh the number of components is reduced. The time 
lost by such failure is also reduced because both diagnos^-s and repair 

are easier viith less equipment. . ■ 

Ouite apart from this, however, serial operation is advantageous 

from the point of view of checking. Kot only are thcre fewsr components 
to.be checked, but scmetimes.a number of components can be checked by a 
single checking device. Checking at a higher level by programming pP®^ _• ^ 

ations to test aU components is also simplified, since vdth fe-wer components 
and more of them used in each operation, a programmed check is much easier 
to work out. Since many components in a serial machine are in almost con¬ 
tinuous operation, there is more opportunity for detection and location of 
type 2 faults. The fact that ali of the digits for any number must pass 

through tho same channols is cxtremoly important. This raoans that a typo 1 

' - _ . 

M ‘4 il " «1 'J 



'failure in such a channel vjill affect ali digits of evary number vvhich uses 
that channol, co that even v.dthoct any chorking- -'svicc?. th’o calculations 
vifould be so corr.pletoly upset as Po nai-ce x.he failuro obvious Viheri the results 
were inspected. In contrast to this, failva^e cT a ringle digit chiamel in a 
mtilti-channel machine may cause only a sniall error in the results. Such an 
error might be systeinatic enough so as to go undetected by differencing 
(sraoothness tests), and would only be revealed by identity or niultiple 
checking or by a prograrimed test problem. iVhea type 2 failures are considered, 
the fact that ali digits must pass through the same channel is even more ini- 
portant. In a serial machine, any type 2 failure will ultimately cause a 
gross error, and will be detected vdthout aid of checking devices. In a 
multi-chaimel machine a type 2 failure may occur in a digit line vdthout ever 
causing a gross error, and if the faulty component is used only infrequently 
it may remain undetected through many problems..’ 

Although ali failures in a serial machine are likely to cause gross 
errors, and therefore v;ould not long escape detection if checking devices 
were not employed, this is not an argument for omitting checking devices in .a 


serial machine. Any checking device which does not en6rmously increase the 
equipment should be built in, and experience with the completed machine can 


then determine to what extent programmed checking must be resorted to.. 

8.4 CHECKING IN OTHER mCKIJJSS 

t 

It may be of interest to point out that, with the exception of the 
relay machines vihich use continuous checking, ali digital raachines heretofore 
employed for complex computing problems have relied entirely on programmed 
checking. On card machines, multiple checking is employcd v»here possible, 
with some checking done by identity methods. A larger autQmatically programmed 
digital macnino uses inverso and identity checking which must be programmed. 


For analogy machines, test problems, vvhich are a vaPiety of programmed inter- 
mittent checking, are customary. ‘No matter vvhat machine is usc-d, results aro 
tested for smoothness vdienever th^e nature of the problem permits. V/hon errors 
are froquent, locating them by examining diffcrence becomes difficult if not 
impossiblt;. rui'thor;noro, certain t^^jcs of syBtc;natic errors vvill not be 
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dctoctcd by a omoothrioss tost, 

•' r < r. 

8.5 ciECKiMG t;;:: colifuter ard comtrol m-iiT ^ • 

In Soctiori 8,2 it v/as statcd that intorraittcnt rathor than 
continuous chcckin^ v;ould bo roaaonahlo for vacaum tube mcmory doviccs, 

A continuous cheok v/ouid c3Sontially doublo tho equipnient rcquiroiuonts, 
and this did not scem justified. The cjnount of oquip!ncnt invoived in tho 
coniputcr and control unib, hov/cver, is snall eneugh that duplication of 
thoso units is /lot unrcasonable. This v/ould onablc continuous chocking 
by tho nultiplo method, 

Thorc scens no attraetivo altornato iTiCthod. Repoat chccking is 
of sli^ht valus — 'ivhcn tho samo oporation is ropoated v/ith tho samo oquip- 
. mont, typo 1 failuros v/ill nover bc dctcctad, and typc 2 failuros of period 
longor thon tv/o operatioas may oasily eseape dctcction. Idontity chock- 
ing is moro'usoful at a highor lovol, by combining tho olcnc-ntcry oporati.ons 
• in difforent v/ay3 and in difforent ordor to achievo 'thc sunio rosult. Tho 
olcncntary operatiens of r.ddition and laultiplication can bc chcckcd to 
somo cxtcnt with a singlc coraputer by interchange of tho tv/o nunbers enter- 
ing thc oporation. Some coniponcnt failuros may novortheloso remain un- 
dotoeted by this uo',;hod, so' that it is not a. complctc check. And no intor- 
change of this sort is pormissiblc in division nor possiblo in 5quare root. 

Por thcsc opcr.ations, inverse chocking could. bc used-that is , division. 

could bo chcckcd by nulfipiication, and squaro rcot by sauaring, followod 
by a conparison v/ith tho original dividend or .re-dicand, Tho additional 
control cquipnont to make this chock built-in niight bo consldorablo. Also, 
ali of thoso alternativo methods at loast doublc thc computing tino, s inčo 
.the checking canuot bc simultancous v/ith thj'dircct oporation v/hon only 
ono Computer is availablc. 


■ " ^ .i Tv 'i * A 

y ‘ ■; ' '■ ^ H. .! > • * 
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Tho cnly riltornntivc tc ’vhic’- v • i. 

• *ic-* tiic ..bo.c cbjcctions do not npply 

is to omit built-in chool-ir.- --vi ^ 

in.,, .n. roly on pro,;ranLV:cct chcckinir. To this, 

hov/ovcr. a most scrious objoction cxists, sinco it v/ould ■ 

I -j.nco ir v/ouid incroasc tho 

burdon upon th. opor?.tor vAo must pla,, 

pio. _M codo tho problon. Purthor, 

proEran„..cd chcchlng Pt tho Icvol of tho olohontot^ oporotdono do voty 
»ootofu: or td.o, tho ocputlo, td^ odsht oosdlp bo ttobdod. 

Chocking at a hi£;hcr lovsl would bo Icss nrnstoful of tino b + 

tirne, but vrculd fail 

to localizo faults. 

• , To ohock cot,putcr operatdono jdthdn any otandord oporatdon ouch 

. Od .ultdpddoaticp or divdoden .ould bo posodblo. but ooono „nnooooodry 

Co„putor apd oontrol Padluroo „ddd bo ourrdodo„tly dcoaddood dr ohookd,. ' 

ds do„o by =o,dpard„, tho roouHo Proa dupddoato oo,oputors aPtor coo.pdotdop 
of a Standard oporation« 

It do thcrcforo prepcood that feb ddontical controla and oonputora 

bo provided for thc EDV4C ut. 

^ should bo providod with a com- 

P-idon Cdroudt. ht tho ena oP a Standard opora.tdon. oach oonputor trans, 
mdta dts rosult tc tho oon^pardson odrouit of tho other, oo that tho oenpari- 
dono ar.c also cad-rdod out dr. dupdicato. Both co„pardaon odroudts „uat 
dho„ c«putor a,rooeont for tho choch to bo c.dpdoto. Thus a tubo fadduro. 

m a epardson Circuit cennot jo undotoeted; if dt could.. con..putor orrorc 

might not bo discovered v/hen thfv 

y first occurred, and there vrould bo no 

way of knoivins hov, „any ealcul-ations woro spoilod. 

Havinc duplioatc Computer, oontrol and ccmparicon unitd is also 

ah ad,anta£o_ for sorvioo and maintonrudoo prutosod. It Is ur.ldkoly that 

both va,md fail at tho samo tirno, or in tho sooao ,,ay. .-o„oo. di,,.nosis of 

a falluro in eno can bo addod by dlrcot obsorvatlon bf tho norduU porferr. 

anoo of tho othor. Test data .,,hdch could not roasonablc bo Inoludod In oven 
a larso 

■'N*-' U v4 ,.fS^ « '•* U W *i ^ 
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■ 8.6 CHCCKING THE HELiORE AIID SV^ITCIISS ' . 

Thcrc is fu:idr.r.icntc'.lly only ono • good Y;r.y of chccking a rricraory 
and thr.t is to hnvo duplicato mcaorics, v/ith a coniparison Circuit (or du- 
plicatc conparison circuits as in thc corAputcr) for indicating disagrccmont. 

• This ia osscntially nultiplo chocking, and doublcr, thc cquipnont. The 
prpbability of duplicatc errors in such a systora will bo cxtrcncly small, 
einco the only ccr.r.’on oquipncnt is thc pov/er supply, \vhich is a'lrcady 
monitorod. Tho continuous chccking nethods'suggor.tod in Soction 8, S aro 
sonev/hat sinilar, but are more like rcpcat checking. Esscntially, the twc 
incraory systcnis aro then in thc samo tanka and share souo of tho cquipnc-nt. 
Cortain failuros might causo a tank to bo fillod cithor v/ith "zeros" or 
"ones« indcpcndGntly of tho actual corroet input, and the ohccking syston 
■vvould not dotoet this, ' -nr ■ ■. v- / 

E.A nethod v/hich has a higli probability for noticing errors and 
T/hich doc3 not strongly cxhibit thc fault just niontioncd is ono which pro- 
vides, in eoded forn, a numbor in cach ta.nk which'givos tho suni of tho digits 
of the other nuinbcrs in that tank, or for thc čodod dccitzal systc,ni, this 
nujnber night bo thc total nuniber of pulses 'Arhich appcar in tlie rest of thc 
tank. This .nunber laust bo properly altered oa.ch ti!.;o a transfer is r.iado, 

The difficulty vvith this systcni is that tho checking systcni itsclf bccones 

# ■ 

rather complici-.tod. 

Ono ni^it aloo m.Jce uso of tho .fact that, in tho oxcoss—threc 
binary dociual eode (Soction 6.2) cvery digit syj.Abol contains at Icast ono 
pulso and at loast. one blank. Tho order codo -vvould -then havc to havo a 
sirr.ilar propcrty. Tliis provides a cortain chcc;: against typo 1 failurus and 
has a fair cliancc of catching sono typo 2 failuros. It is probably no 
hotter th;.n other systct.-is nov; to bo discussed v;hich Jiavo the a.dditional 
advantago of checking tlio s-.ritclies. 


v:e ‘'i'; 

P % : • * v? 










A ccnpr'-';;iiEc ;r.othod which prc-vidcs cm intcmittc-nt chock on thc 
ncr.crjc cind a continuous chcck on tho 3witc}ics is to store "tc-gs" in thc 
vtrious tanks. The tr.g stored in coch t&nlc is tho’ nurr.bor which corresponds 
to tho sv/itch position associated v/ith thc.t tonk, A singlc comparison 
devico, associated v.-ith thc svritch and controllor, serves as thc chocking 
Circuit. V/henover' tho sv/itch sclčcts a particular tank, tho output of 
that tank is conneeted to a trunk lino (through sono cjaplificr cireuits). 

At thc beginning of cach major cj^clo, tho tag for tho tank to v/hich thc 
switch is set is thus on this trunk lino, and nay bo put into tho compari- 
son Circuit. Simultaneously, tho number v/hich set thc sv/itch is fed to 


this comparing Circuit and disagrceraent indicates a failure, This failure 
night be in thc switch, in the tank, or in the omplifier cireuits between 
the tank and the trunk line, Ali of these are checked-by this method. 

Only type 2 failures of duration less than a major Qyc.le would escape detec~ 
tion by this system. In order to check the input trunk line. amplifiers 
and input tank gate, it is sufficient to re^uire that.the tank contents be 
regenerated thmough this Circuit, rather than through the recirculation 
gate at the tank itself, Detection of switch failures v/hich result in 


connecting tv/o tanks simultaneOusly may be accomplished by arranging that 

the superposition of tv/o tags is always different' frora- either of the tags 
V/hich aro superL^upoced. • * 

VVhile the above method is reasonable for long tanks, the inclusion 


of a tag in short tanks v/ould inerease their length, and this in turn v/ould 

requiro tho long tanks to be inereased^in length, v/hic.h is undosirablo. An 

intermittent check of tho short tanks can bo arranged by us ing the time 

dur ing v/hich tho sv/itcii operates to chock tho presence of a standardized ta 
(alike for ali short tanks) consisting of one pulso and one spaco. In this 


čase, tho sv/,itcl\ v/ould be 
vcriry thut it v/as set un 


checked indcpendently by circuuits v/liich would 
in-_uccoi*clanco »vitn tho number sent it. 
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8*7 CMECKIhG THE II.TUT* AITE OUITUT *- ’ • 

Tho bost chccic on thc input cuid output is, as in othor componcnto, 
obtaincd by inultiplo chccking. Vifith four magnctic dovicos, tivo may bc used • 
fbr input and two fer output, so that this inothod may be cmploycd by pro- 
gronuning duplicatc operation. In vicvi of thc .small amount of oloctronic 
cquipmcnt which these units contain-, this extrcrr.c' moasurc does not secm 
warrantcd, Horcover, sincc both positivc ajid negative magnetization ’.vill 
probably bo usod (for rcasons oxplaincd in Section 4,3) these may bo usod 
for a built-in chcck on thč transfer to and frora '.vire. Faulty operation 
of tho sorvo dovicos v/ill bo ovident vrithout olaborato chccking dovicos, 
Duplicate chccking does seom to bo tlic proforrod mothod of 
oliminating orrors which thc typist may make in preparing, magnctic v/iro 

-o ' ' . ' 

rocords, T^.vo different typist3, using differoht raachines if possiblc, 
whould typo tho some material. Their duplicato rocords ir.av then bo com- 
parod by tho EDVAC or somo auxiliary devico, and ali discrcpan,cics trans- 
ferrod to anothor 'vviro. This v/ire is then usod to operato thot automatic 
typcwritcr vrhich produces a printed list of tho discrcpancics, • 

8.8 SMOOTIUIESS CIIECKIHG /dID PROGR,Ui.ED CKECiCIIiG . '' • • : 

\Yith thc various built-in chccking mothods which thc EDVAC v/ill 
havc, it is cxpcctod that thc undctccted failuros \vill bo vcryf rarc, If 
this oxpcctation is not fulfillcd, or if tho pcculia.ritics of somo problem 
roquirc oven groator guaranteos ugainst orror, additional chectking may bo 
programmod, This option has in no way been limitod by tho chc^cking 
dovicos v/hich aro built in, 

Smoethnoss chccking, for instanco, mr,y bc ncco55ary oven v/dicn no 
failuros cccur, bocauso of limitod. accuracy and rounding-off oi-rors. Id-i such 
Cascc, tho "DVAC c:j\ computo tho diffcrcnccs rcquirod for this chcck. If 
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dcsircd, thciJc r.-.r,y bo Gcannod by r-.oanc of thc visual output occilloscopc, 

PiUlT 9 CONCLUSION 

At thc tirno this rcport appcars, most of thc general principlos 
undcrlying tho dosign of thc EDVAC havo becn considcrably clarificd by 
discussionc v/hich v/oro carried en concurrcntly with v;orlc on tho ENL\C, 
Hov/over, docisions on manj* npocific quostion? raised in thc ccursc of thosc 
discLissions must av/ait thc rosults of o>:pcrir.ionts '.vhich aro now boing 
undcrtalcon, Tho designs presontod in this rcport are thcrcforc mcrcly 
illustrativo oxaniplcs, and shculd not bo cons idered final, 

• It is plannod to issuc supplcmontarp- roports to cover tepies 
vfhich \vcrc noccssarily omitted from this ono. In particular, it is 
Intondod that some of thosc shall presont oxanplcs of problcms oodod in 
nccordanco vrith proposod instruction eodes, ’ • ' 


» • I ; ; . • 
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